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Preface 


The rapid development of power electronics technology provides exciting opportunities 
to develop new power system equipment for better utilization of existing systems. 
During the last decade, a number of control devices under the term "Flexible AC 
Transmission Systems" (FACTS) technology have been proposed and implemented. 
FACTS devices can be effectively used for power flow control, loop-flow control, load 
sharing among parallel corridors, voltage regulation, enhancement of transient stability 
and mitigation of system oscillations. A large number of papers and reports have been 
published on these subjects. In this respect, it is timely to edit a book with an aim to 
report on the state of the art development, internationally, in this area. By covering all 
the major aspects in research and development of FACTS technologies, the book 
intends to provide a comprehensive guide, which can serve as a reference text for a 
wide range of readers. 

Chapter 1 focuses on the fundamentals of ac power transmission to provide a 
necessary technical background for understanding the problems of present power 
systems and the power electronics-based solutions the Flexible AC Transmission 
System (FACTS) offers. In Chapter 2 the principles of power electronic converters are 
introduced, covering the basics of power electronics systems as well as structures 
suitable for the design of high power converters for transmission level voltages and 
currents. Although the inclusion of high voltage dc transmission (HVdc) in this book 
seems to be a contradiction to some people, the boundaries between HVdc and FACTS 
will gradually become ‘blurred’. For example, the back-to-back dc link may also be 
considered as a FACTS device. Thus an introduction to HVdc technology is given in 
Chapter 3. 

The principles and applications of shunt, series, phase shifter and unified 
compensations are discussed in Chapters 4, 5, 6 and 7 respectively. Chapter 4 
describes the principles, configuration and control of two major types of shunt static 
compensations — static var compensator (SVC) and Static Synchronous Compensator 
(STATCOM). Their practical applications are also reported, including recent 
relocatable SVC applications in the UK system. Chapter 5 examines the Thyristor- 
Controlled Series Capacitor (TCSC) and the Static Synchronous Series Compensator 
(SSSC) and their applications for damping of electromechnical oscillations and for 
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mitigation of subsynchronous resonance. The main objectives of Chapter 6 are to 
describe the principles of operation, operational characteristics, technical merits and 
limitations and potential applications of phase shifters. More recently, one of the 
potentially most versatile class of FACTS device — the Unified Power Flow Controller 
(UPFC) was proposed. This device, with its unique combination of fast shunt and 
series compensation, offers a versatile device for the relief of transmission constraints. 
Chapter 7 contains an in-depth look at the basic operating principles, characteristics, 
control and dynamic performance of the UPFC. The first UPFC installation is also 
reported. 

Chapters 8, 9, 10, 11 and 12 address the system aspects of FACTS applications. 
Various models, suitable for different studies including electromagnetic transient 
studies, steady-state and dynamic analysis, are presented. Effective control strategies 
for power flow and stability control, and novel protection schemes are proposed in 
these chapters. A review of FACTS development in Japan is reported in Chapter 13. 
Applications of power electronics in distribution systems are summarized in Chapter 
14. 

Finally, we, the editors, are very grateful to authors for their cooperation and 
patience. We wish to thank Sarah Daniels of the IEE for her help in the production of 
the book. We would also like to thank Xing Wang for re-setting the style of the whole 
book by overcoming incompatible word processing format. 


Yong Hua Song, Brunel University 
Allan T Johns, The University of Bath 


October 1999 
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Chapter 1 


Power transmission control: 
basic theory; problems and needs; FACTS solutions 


Laszlo Gyugyi 


1.1 Introduction 


What we now refer to as the electric power industry began over 100 years ago, in 
the 1880s. Almost from the very beginning two competitive systems started to 
emerge: direct current (dc) power generation and transmission strongly pursued 
by Thomas Edison, and alternating current (ac) power generation and 
transmission initiated in Europe and transformed into a practical scheme with 
Nikola Tesla’s inventions. This scheme, implemented by industrialist George 
Westinghouse, decisively won the early competition in 1896 when the famous 
Niagara hydro power generation project convincingly demonstrated viable “long 
distance” ac power transmission over a 20 mile, 11 kV “high voltage” line from 
Niagara Falls to the city of Buffalo, NY. The success of the prestigious Niagara 
project fuelled the universal acceptance and rapid development of ac power 
systems. The key to this acceptance was the technical feasibility of stepping up the 
alternating generator voltage by highly efficient magnetic transformers for 
transmission to minimize losses, then stepping it down for the consumer to meet 
domestic and industrial load requirements. The Niagara and subsequent ac power 
systems first utilized the high voltage transmission capability for remote power 
generation and ultimately for intertying separate power systems into a large area 
power grid characterizing modern supply systems today. This is in contrast to 
Edison’s concept of a dc power system, which, due to transmission limitations, 
envisioned a large number of distributed and independent dc central (generation) 
stations, each supplying no more than a few square miles of distribution network 
for local loads. 
Edison’s dc system was, from the theoretical viewpoint, simple to visualise. 
“Only real quantities, voltage, current, and resistance were involved, and Ohm’s 
law defined a simple relationship between them. However, the practical problems 
at that time for transmission were formidable. Since direct voltage could not be 
transformed up or down, the nominal voltage from generation to load had to be 
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the same and, for safety reasons, had to be rather low. Consequently, the ’R loss 
prevented the transmission of even a modest amount of power over more than a 
couple of miles. 

The transformability of alternating voltage seemingly solved the long distance 
transmission problem. However, ac transmission involves both real and reactive 
circuit parameters and variables which jointly determine the transmittable real 
power and overall transmission losses encountered. As will be seen, the 
unavoidable reactive power flow in ac lines present difficult problems and 
ultimately imposes severe limitations on traditional ac power transmission, many 
of which were not fully appreciated at the outset. 

It is an ironic fact of power transmission history that, after more than half a 
century of Edison’s pioneering work, dc transmission was reinvented with modern 
electronics technology to solve the problems of long distance power transmission. 
It adds to the curiosity of this situation that, today, power electronics, which 
made high voltage dc transmission possible, is also being applied to solve the 
outstanding problems of ac transmission. Whereas some may look at these 
developments as a still ongoing competition between ac and dc transmission (if 
not between Thomas Edison and George Westinghouse), a more objective view 
probably recognizes the fact that the two types of system complement each other 
and together often provide the optimal system solution. 


1.2 Fundamentals of ac power transmission 


The main constituents of an ac power system are: generators, transmission 
(subtransmission), and distribution lines, and loads, with their related auxiliary 
support and protection equipment. The generators are rotating synchronous 
machines. The transmission, subtransmission, and distribution lines are 
essentially distributed parameter, dominantly reactive networks designed to 
operate at high, medium, and low, alternating voltages, respectively. The loads 
may be synchronous, non-synchronous, and passive, consuming in general both 
real and reactive power. This chapter focuses on the fundamentals of ac power 
transmission to provide a necessary technical background for understanding the 
problems of present power systems and the power electronics-based solutions the 
Flexible AC Transmission System (FACTS) offers. 

The modern transmission system is a complex network of transmission lines 
interconnecting all the generator stations and all the major loading points in the 
power system. These lines carry large blocks of power which generally can be 
routed in any desired direction on the various links of the transmission system to 
achieve the desired economic and performance objectives. Separate ac systems 
may be synchronously intertied with ac transmission lines to form a power pool in 
which energy can be transported among and between the systems. In this 
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arrangement, at a given time some systems may be importing and others exporting 
power, while some systems may be just providing the service of “wheeling” 
power through their transmission network to facilitate particular transactions. The 
main characteristic of today’s transmission system is an overall /oop structure, as 
illustrated with a simple power system schematic in Figure 1.1, which provides a 
number of path combinations to achieve the functional versatility desired. This is 
in contrast to early day transmission (and present day subtransmission and 
distribution systems), which were (are) mostly radial, supplying power from 
generator to a defined load. 


Q <—_——— Generator 
: 


<——— Transformer 


Tie-line to 
neighbouring 
system 


To bus 10 


Figure 1.1 Typical power system structure 


1.2.1 Basic relationships 


In spite of the generally complex nature of an actual power system, the basic 
relationships of power transmission can be derived by a simple so-called two 
machine model, in which a sending-end generator is interconnected by a 
transmission line with a receiving-end generator (which is sometimes considered 
as an infinite power voltage bus). For the sake of generality, the sending-end and 
receiving-end generators in the model may also represent two independent ac 
systems, which are intertied by a transmission link for power exchange. 

An ac transmission line is characterized by its distributed circuit parameters: 
the series resistance and inductance, and the shunt conductance and capacitance. 
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The characteristic behaviour of the line is primarily determined by the reactive 
circuit elements, the series inductance / and shunt capacitance c. With a 
customary lumped-element representation of the ac transmission line, the two 
machine transmission model is shown in Figure 1.2. (Bold-faced letters represent 
voltage and current phasors.) 


line inductance _ 
line capacitance Ir 
—— 


ty / 
| Bi | 


Figure 1.2 Lumped element representation of a lossless transmission line 


The transmittable electric power of the system shown in Figure 1.2 is defined 
by the following equation: 
p=” sing (1.1) 
Zosin 
in which 
V, is the magnitude of the sending-end (generator) voltage, V, 
V, is the magnitude of the receiving-end (generator) voltage, V, 
6 is the phase angle between V, and V, (transmission or load angle), 


Z,is the surge or characteristic impedance given by 


Zo~4{— (1.2) 
c 


is the electrical length of the line expressed in radians by 


= a= (1.3) 


where / is the wavelength and £2 is the number of complete waves per unit line 
length, i.e., 


-= . ole = 2af Vie (1.4) 


and a is the length of the line. 
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The lossless line considered exhibits an ideal power transmission characteristic 
at the surge impedance or natural loading, at which the transmitted power is: 


(1.5) 


where V, (= V, = V) is the nominal or rated voltage of the line. At natural loading 
the amplitude of the voltage remains constant and the voltage and current stay in 
phase with each other (but rotated together in phase) along the transmission line. 
Consequently, the transmission power, Po, is independent of the length of the line. 
At surge impedance loading the reactive power exchange within the line is in 
perfect balance, and the line provides its own shunt compensation. That is, the 
reactive power demand of the series line reactance is precisely matched by the 
reactive power generation of the shunt line capacitance. 

Unfortunately, economic considerations and system operation requirements 
rarely allow surge impedance loading. At lighter loads the transmission line is 
over compensated. The voltage increase across the series line reactance, due to 
the charging current of the shunt line capacitance, is greater than the voltage drop 
caused by the load current. As a result, the transmission line voltage increases 
along the line, reaching its maximum at the mid-point. This “surplus” charging 
current of course also flows through the sending-end and receiving end generators 
(or ac systems) forcing them to absorb the corresponding (capacitive) reactive 
power. At greater than surge impedance loading the transmission line is under 
compensated. That is, the voltage increase resulting from the shunt line 
capacitance is insufficient to cancel the voltage drop across the series line 
reactance due to the load current. Therefore, the voltage along the line decreases, 
reaching the minimum at the mid-point. In this case, the net reactive power 
demand of the line (inductive) must be supplied by the sending-end and receiving- 
end generators. 

Equation (1.1) provides a generalized expression characterizing the power 
transmission over a lossless, but otherwise accurately represented line. For the 
explanation of the major transmission issues, and for the introduction of relevant 
FACTS concepts, it is convenient to use an approximate form of Equation (1.1) 
characterizing electrically short transmission lines, for which sinf = 0 = fa = @ 


ave. Then 20 = wa lle Vl/c =qal= al =X, the series inductance of 


the line, and the transmitted power becomes: 


2 
Pe sind or P= sinð (1.6) 


This simplified equation neglects the shunt capacitance of the line. The effect 
of shunt capacitance on the transmission for lines shorter than 100 miles is indeed 
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negligibly small. Moreover, although the line capacitance, as explained above, 
can cause over-voltage problems for under loaded lines, since sin < 8 and thus Z, 
sin < X, it always tends to increase the transmittable power. Thus, the neglect of 
shunt line capacitance represents a worse than actual case from the standpoint of 
maximizing the (steady-state or transient) transmittable power, but does not falsify 
the main considerations governing power flow control (which also determine the 
possible utilization of transmission assets and the application of FACTS 
technology). The voltage related problems of open circuited and underloaded 
lines are usually handled satisfactorily by permanently connected or switched 
shunt reactors in combination with the excitation control of generators. 

Equation (1.6) can also be derived from the elementary techniques of ac circuit 
analysis, using complex phasors, an approach which allows a very effective 
treatment and illustration of different power flow control concepts employed in 
FACTS. Consider again the simple two machine model, but assume a purely 
inductive transmission line with zero shunt capacitance, as shown in Figure 1.3a 
with the corresponding phasor diagram in Figure 1.3b. If the sending- and 
receiving-end voltages are defined by 


Figure 1.3 (a) Two machine power system with inductive line; (b) corresponding 
phasor diagram; and (c) power transmission vs. angle characteristic 
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Vi=Ver” = V (cos + jsin 5 (1.7) 
and 
Weve” apa n (1.8) 
2 2 
then the midpoint voltage is 
V, = mr =V e”= V cos (1.9) 


and the current through the line is given by 


ae kest sin? (1.10) 
X X 2 


I 


In the case of the lossless line assumed, power is the same at both ends (and at 
the midpoint), i.e., 


y? 
P= Val =——sind (1.11) 


which is, of course, identical to that given by equation (1.6). The reactive power 
provided for the line at each end is 


Q, =-Q, =VI sinŽ = ra ~cosd) (1.12) 


The relationships between real power P, reactive power Q, and angle 6 are 
shown plotted in Figure 1.3c. As seen, at a constant voltage (V,=V,=V) and fixed 
transmission system (X=const) the transmitted power is exclusively controlled by 
angle & Note also that real power, P, cannot be controlled without also changing 
the reactive power demand on the sending- and receiving-ends. 


A different illustration using voltage and current phasors to provide a physical 
explanation for the coupled variation of real power, reactive power, and of voltage 
along the transmission line, as a function of angle 6, is presented in Figures 1.4a 
and 1.4b. Figure 1.4a shows that, as angle ô is increased, the voltage phasor V, 
across the series line reactance increases, which proportionally increases the line 
current phasor J. At the same time, the (line to neutral) voltage along the line 
decreases from the ends towards the middle, reaching a minimum at the actual 
midpoint. It can also be observed that the relative angular position of the voltage 
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along the line from the two ends is continuously changing (in the opposite 
direction) until at the midpoint it falls precisely in phase with the line current J 
(which is at a fixed 90 °angle with respect to the voltage V,). Thus, the product of 
the midpoint voltage and the line current, Vm, yields the transmitted power P. It 
is evident from this relationship that the progressive increase of angle ô will not 
progressively increase the power P. This is because for 5 > 90°, the midpoint 
voltage will decrease more rapidly than the line current increases and, 
consequently, their product will decrease from its maximal value and ultimately 
reach zero at ô= 180°. 


Ve | Pee) ae V, 
X2 ; X/2 
<— Mid-point 
Vk 
Sa ee 


| 

l iJ increases with 8 

! ( | =X Vy) 
Vndecreases with ô 
(Vm= Veos$ ) 
IVs] = IVe ]= V 


a 5 
P =Vicos 5 
=Vi sin È 
Q=VI sin 7 


Figure 1.4a Variation of transmission line mid-point voltage, line current, and 
power with angle 6 


Figure 1.4b illustrates the variation of the in-phase and quadrature components 
of the line current with respect to the (receiving-)end voltage, as angle ĝis varied 
from zero to 180° (i.e., &/2 varied from zero to 90°). The quadrature component 
of the line current with respect to the sending-end, or the receiving-end, voltage 
progressively increases with ô until it becomes the total line current at ô = 180°. 
By contrast, the in-phase component of the line current with respect to the end 
voltage increases with din the 0 < ô< 90° interval, and then it decreases to zero as 
O reaches 180°. 

From the above observations it can readily be concluded that transmittable 
electric power at a given system voltage must be a function of the electrical length 
of the line, i.e., of the effective series line reactance X. Once the theoretical limit 
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of steady-state power transmission is reached at ô= 90°, the transmitted power 
would clearly decrease with increasing line length unless either the line voltage is 
increased or the effective line impedance is decreased. 


Line current | (È ) P=VIcos $ 
ž nô 
Q=VI sin 3 


~~ Receiving-end voltage V ($) 


» 


Lage Sipe se fe ee NET, ~ Vase 


Figure 1.4b Variation of the transmitted real power P and the (receiving-end) 
reactive power Q with angle 5 


1.2.2 Steady-state limits of power transmission 


In the previous section it has been shown that the maximum power, Pine,=V2/X, 
transmittable over a lossless line at a given transmission voltage, is totally 
determined by the line reactance X and thus sets the theoretical limit for steady- 
state power transmission. A practical limit for an actual line with resistance R 
may be imposed by the ZR loss that heats the conductor. At a certain temperature 
the physical characteristics of the conductor would irreversibly change (e.g., it 
could get deformed with a permanent sag). This sets a thermal limit for the 
maximum transmittable power. Generally, for long lines X, and for short lines R 
would provide the main transmission limitation. (It is mentioned here, without 
explanation, that sufficiently large R, at which the X/R ratio becomes relatively 
low (X/R <5), may impose practical limitation on the useful power transmission, 
before the thermal limit is reached, by increasing the reactive power flow in the 
line.) 

AC loads are generally sensitive to the magnitude, and may be sensitive to the 
frequency of the applied alternating voltage. AC power systems are generally 
operated at a substantially constant (typically 50 or 60 Hz) frequency. The 
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voltage levels in ac systems may moderately vary, but are not allowed to exceed 
well defined limits (typically +5 and -10%). This tight voltage tolerance may 
impose the primary transmission limitation for long radial lines (no generation at 
the receiving end) and for the so-called tapped-lines, which feed a number of 
(relatively small) loads along the transmission line. 

Steady-state power transmission may also be limited by the so-called parallel 
and loop power flows. These flows often occur in a multi-line, interconnected 
power system, as a consequence of basic circuit laws which define current flows 
by the impedance rather than the current capacity of the lines. They can result in 
overloaded lines with thermal and voltage level problems. 


1.2.3 Traditional transmission line compensation and power flow 
control 


It has long been recognized that the steady-state transmittable power can be 
increased and the voltage profile along the line controlled by appropriate reactive 
compensation. The purpose of this reactive compensation is to change the natural 
electrical characteristics of the transmission line to make it more compatible with 
the prevailing load demand. Thus, shunt connected, fixed or mechanically 
switched reactors are applied to minimize line overvoltage under light load 
conditions, and shunt connected, fixed or mechanically switched capacitors are 
applied to maintain voltage levels under heavy load conditions. In the case of 
long transmission lines, series capacitive compensation is often employed to 
establish a virtual short line by reducing the inductive line impedance and thereby 


the electrical length, 8, of the line (0 = Ja = JX ı/ X, ). In some multi-line 


system configurations, it can happen that the transmission angle imposed 
“naturally” on a particular line is inappropriate for the power transfer planned for 
that line. In this case, a phase angle regulator (or phase shifter) may be employed 
to control the angle of this line independent of the prevailing overall transmission 
angle. 

In the following sections, basic approaches to increase the transmittable power 
by ideal shunt-connected var compensation, series compensation, and phase angle 
regulation will be reviewed. These basic approaches will provide the foundation 
for power electronics-based compensation and control techniques capable not only 
of increasing steady-state power flow but also of improving the stability and 
overall dynamic behaviour of the system. 


1.2.3.1 Ideal shunt compensation 


Consider again the simple two machine (two bus) transmission model in which an 
ideal var compensator is shunt connected at the midpoint of the transmission line 
as shown in Figure 1.5a. This compensator is represented by a sinusoidal ac 
voltage source (of the fundamental frequency), in-phase with the midpoint 
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voltage, Va, with an amplitude identical to that of the sending- and receiving-end 
voltages (Va = V, = V, = V). The midpoint compensator in effect segments the 
transmission line into two independent parts: the first segment, with an impedance 
of X/2, carries power from the sending end to the midpoint, and the second 
segment, also with an impedance of X/2, carries power from the midpoint to the 
receiving end. Note that the mid-point var compensator exchanges only reactive 
power with the transmission line in this process. The relationship between 
voltages, V,, V,, Va, (together with V,m, Vi), and line segment currents Zm and 
Tar is shown by the phasor diagram in Figure 1.5b. 

For the lossless system assumed, the real power is the same at each terminal 
(sending-end, mid-point, and receiving-end) of the line, and it can be derived 
readily from the phasor diagram of Figure 1.5b using a similar computational 
process demonstrated in the previous section (see equations (1.7) through (1.11)). 


Figure 1.5 (a) Two machine power system with an ideal mid-point reactive 
compensator; (b) corresponding phasor diagram; (c) and power transmission vs. 
angle characteristic 
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With 
Von = Ving =V COS—5 Lom = L mr Py en hc 
X 4 


the transmitted power is 
P =V mlm =V mlm = Vent ern A = VI cos 
4 4 
or 
2 
P= 3 an 2 
x 2 


Similarly 


2 
Q=VI sin = —(1-cos) 


(1.13) 


(1.14) 


(1.15) 


(1.16) 


The relationship between real power P, reactive power Q, and angle 6 for the 
case of ideal shunt compensation is shown plotted in Figure 1.5c. It can be 
observed that the -mid-point shunt compensation can significantly increase the 
transmittable power (doubling its maximum value) at the expense of a rapidly 
increasing reactive power demand on the mid-point compensator (and also on the 


end-generators). 


X/4 lim, 


X/4 Imo 


QU 


Figure 1.6 Two machine system with ideal reactive compensators providing 


multiple line segmentation, and associated phasor diagram 
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The concept of transmission line segmentation can be expanded to the use of 
multiple compensators, located at equal segments of the transmission line, as 
illustrated for four line segments in Figure 1.6. Theoretically, the transmittable 
power would double with each doubling of the segments for the same overall line 
length. Furthermore, with the increase in the number of segments, the voltage 
variation along the line would rapidly decrease, approaching the ideal case of 
constant voltage profile. Ultimately, with a sufficiently large number of line 
segments, an ideal distributed compensation system could theoretically be 
established, which would have the characteristics of conventional surge 
impedance loading, but would have no power transmission limitations, and would 
maintain a flat voltage profile at any load. 

It will be appreciated that such a distributed compensation hinges on the 
instantaneous response and unlimited var generation and absorption capability of 
the shunt compensators employed, which would have to stay in synchronism with 
the prevailing phase of the segment voltages and maintain the predefined 
amplitude of the transmission voltage, independently of load variation. At the 
early conceptual stage of long distance ac transmission developments, rotating 
synchronous compensators (condensers) were visualized to provide the precise 
shunt compensation required. These are not likely to have the performance 
requirements under dynamic system conditions. Subsequently, saturating reactor 
type shunt compensators and more recently, thyristor-controlled var compensators 
were evaluated and, for limited voltage support functions, applied in practical 
systems. To visualize the operation and control coordination complexity of a 
generalized compensation scheme exhibiting ideal transmission characteristics, 
consider the lossless but otherwise correctly represented system of Figure 1.2. 
Assume that the line is provided with a sufficient number of shunt connected ideal 
var compensators. At no load (zero transmission), the voltages of all 
compensators would be in phase and they would be absorbing the capacitive vars 
generated by the distributed line capacitance. With increasing load (increasing 8), 
the relative phase angle between the voltages of adjacent compensators would 
increase, but their var absorption would continuously decrease up to the natural 
(surge impedance) loading, where it would become zero. With further increasing 
load, beyond the surge impedance loading, the compensators would have to 
generate increasing amount of capacitive vars to maintain the flat voltage profile. 
However, at sufficiently heavy loads, the relative phase angle between two 
adjacent compensators could become too large, resulting in a large voltage sag, at 
which the power transmission could not be maintained, regardless of the var 
generation capacity of the compensators, unless additional compensators would be 
employed to increase further the segmentation of the line. 

From the above discussion it is evident that the controlled shunt compensation 
scheme approximating an ideal line, whose surge impedance is continuously 
variable so as to maintain a flat voltage profile over a load range stretching from 
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zero to several times the actual surge impedance characterizing that line, would be 
too complex, and probably too expensive, to be practical, particularly if stability 
and reliability requirements under appropriate contingency conditions are also 
considered. However, the practicability of limited line segmentation, using 
thyristor-controlled static var compensators, has been demonstrated by the major, 
600 mile long, 735 kV transmission line of the Hydro-Quebec power system built 
to transmit up to 1200 MW power from the James Bay hydro-complex to the City 
of Montreal and to neighboring US utilities. More importantly, the transmission 
benefits of voltage support by controlled shunt compensation at strategic locations 
of the transmission system have been demonstrated by numerous installations in 
the world. 

Of course, there are many applications in which mechanically-switched 
capacitors are applied to control transmission line voltage where there are slow, 
daily and seasonal load variations. Although these provide economical solutions 
to steady-state transmission problems, their limited operating speed makes them 
largely ineffective under dynamic system conditions. Also, because of restrictions 
in the number of switching operations permitted, mechanically-switched 
capacitors often lack the flexibility of operation modern power systems may 
require. 

Although, reactive shunt compensation has been discussed above in relation to 
a two machine transmission power system, this treatment can easily be extended 
to the more special case of radial transmission. Indeed, if a passive load, 
consuming power P at voltage V, is connected to the midpoint in place of the 
receiving-end part of the system (which comprises the receiving-end generator 
and transmission link X/2), the sending-end generator with the X/2 impedance and 
load would represent a simple radial system. Clearly, without compensation the 
voltage at the mid-point (which is now the receiving-end) would vary with the 
load (and load power factor). It is also evident that with controlled reactive 
compensation the voltage could be kept constant independent of the load. Shunt 
compensation in practical applications is often used to regulate the voltage at a 
given bus against load variations, or to provide voltage support for the load when, 
due to generation or line outages, the capacity of the sending-end system becomes 
impaired. 


1.2.3.2 Series compensation 


The basic idea behind series capacitive compensation is to decrease the overall 
effective series transmission impedance from the sending-end to the receiving-end 
(i.e., X in equation (1.11)). The conventional view is that the impedance of the 
series connected compensating capacitor cancels a portion of the actual line 
reactance and thereby the effective transmission impedance is reduced as if the 
line was physically shortened. An equally valid physical view, helpful to the 
understanding of power flow controllers, is that, in order to increase the current 


Power transmission control 15 


across the series impedance of a physical line (and thereby the transmitted power), 
the voltage across this impedance needs to be increased. This can be 
accomplished by a series connected (passive or active) circuit element that 
produces a voltage opposite to the prevailing voltage across the series line 
reactance. The simplest such element is a capacitor, but, as will be seen later, 
controlled voltage sources can accomplish this function in a much more 
generalized manner, ultimately facilitating full control of real and reactive power 
flow in the line. 

Consider the previous simple two-machine model with a series capacitor 
compensated line, composed of two identical segments for the clarity of 
illustration, shown at Figure 1.7a. The corresponding voltage and current phasors 
are shown at Figure 1.7b. Note that the magnitude of the total voltage across the 
series line reactance, V, = 2V,,, increased by the magnitude of the opposite 
voltage, Vc, developed across the series capacitor. 

The effective transmission impedance X. with the series capacitive 
compensation is given by 


Xe =X - Xe (1.17) 
or 

Xa = (1-k) X (1.18) 
where k is the degree of series compensation, i.e., 

k=Xo/X Osk<l (1.19) 


Xe/2 X/2 X/2 Xc/2 
orro 


Figure 1.7 (a) Two machine power system with series capacitive compensation; 


(b) corresponding phasor diagram; (c) and power transmission vs. angle 
characteristic 
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The current in the compensated line and the real power transmitted, per 
equations (1.10) and (1.11) are 


wv. ô 
= AOX an (1.20) 
y? 
P=Vnl = ind : 
(bx sin (1.21) 


The reactive power supplied by the series capacitor can be expressed by 
2 2V? k 

Qc I c X ( a kř 

The relationship between the real power P, series capacitor reactive power Qc, 
and angle 6 is shown plotted at various values of the degree of series 
compensation k in Figure 1.7c. It can be observed that, as expected, the 
transmittable power rapidly increases with the degree of series compensation k. 
Similarly, the reactive power supplied by the series capacitor also increases 
sharply with k and varies with angle 5 in a similar manner to the line reactive 
power. 

Series capacitors have been used extensively in the last 50 years throughout 
the world for the compensation of long transmission lines. 


(1-cosd) (1.22) 


1.2.3.3. Phase angle control 


In practical power systems it occasionally happens that the transmission angle 
required for the optimal use of a particular line would be incompatible with the 
proper operation of the overall transmission system. Such cases would occur, for 
example, when power between two buses is transmitted over parallel lines of 
different electrical length or when two buses are intertied whose prevailing angle 
difference is insufficient to establish the desired power flow. In these cases a 
Phase shifter or phase angle regulator is frequently applied. 

The basic concept is explained again in connection with the two machine 
model in which a phase shifter is inserted between the sending-end generator 
(bus) and the transmission line, as illustrated in Figure1.8a. The phase-shifter can 
be considered as a sinusoidal (fundamental frequency) ac voltage source with 
controllable amplitude and phase angle. In other words, the sending-end voltage 
V, becomes the sum of the generator voltage V, and the voltage Vo provided by 
the phase shifter, as the phasor diagram shown in Figure 1.8b illustrates. The 
basic idea behind the phase shifter is to keep the transmitted power at the desired 
level, independent of the prevailing transmission angle 6, in a predetermined 
operating range. Thus, for example, the power can be kept at its peak value after 
angle 5 exceeds n/2 (the peak power angle) by controlling the amplitude of 
quadrature voltage V, so that the effective phase angle (d-o) between the 
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sending- and receiving-end voltages stays at m/2. In this way, the actual 
transmitted power may be increased significantly, even though the phase-shifter 
per se does not increase the steady-state power transmission limit. 

With the above phase angle control arrangement the effective phase angle 
between the sending- and receiving-end voltages thus becomes (6-0), the 
transmitted power P can therefore be expressed as: 


P= K` sin(s -o) (1.23) 


Figure 1.8 (a) Two machine power system with a phase shifter; (b) 
corresponding phasor diagram, (c) and power transmission vs. angle 
characteristic 


The relationship between real power P and angles 6 and ø is shown plotted in 
Figure 1.8c. It can be observed that, although the phase-shifter does not increase 
the transmittable power of the uncompensated line, theoretically it makes it 
possible to keep the power at its maximum value at any angle din the range 7/2 < 
ô < n/2+o by, in effect, shifting the P versus ô curve to the right. It should be 
noted that the P versus ô curve can also be shifted to the left by inserting the 
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voltage of the phase shifter with an opposite polarity. In this way, the power 
transfer can be increased and the maximum power reached at a generator angle 


less than 1/2 (that is, at ô= n/2-0). 


a 
b 
c 


Tap Reversing 
|_ Excitation transformer |changer ¡switches 


Figure 1.9 Conventional mechanically operated phase shifter 


In contrast to the previously-investigated shunt and series compensation 
schemes, the phase-shifter generally has to handle both real and reactive powers. 
The VA throughput of the phase shifter (viewed as a voltage source) is 

vA = |y, -V,| |r| =| Val lel = Vor (1.24) 

Assuming that the magnitude of the generator voltage and that of the sending- 
end voltage are equal, and using the expression given for the line current in 
equation (1.10), VA can be written in the following form: 

2 


VA = —sin -T inZ 
X 


sin— l (1.25) 
2 2 

In Equation (1.25), the multiplier sin[(8 — o)/2} defines the current, at a given 
system voltage and line impedance, flowing through the phase shifter, and the 
multiplier sin(o/2) determines the magnitude of the voltage injected by the phase 
shifter. 

Phase shifters employing a shunt connected excitation transformer with a 
mechanical tap-changer and a series connected insertion transformer (as illustrated 
schematically in Figure 1.9) to provide adjustable series voltage injection for 
phase angle control are often employed in transmission systems to control steady- 
state power flow and prevent undesired parallel and loop power flows. 
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1.2.4 Dynamic limitations of power transmission 


AC power systems employ rotating synchronous machines for electric power 
generation. (They may also employ rotating synchronous compensators 
(condensers) for reactive power compensation.) It is a fundamental requirement 
of useful power exchange that all synchronous machines in the system operate in 
synchronism with each other maintaining a common system frequency. However, 
power systems are exposed to various dynamic disturbances (such as line faults, 
equipment failures, various switching operations), which may cause a sudden 
change in the real power balance of the system and consequent acceleration and 
deceleration of certain machines. The ability of the system to recover from 
disturbances and regain the steady-state synchronism under stipulated contingency 
conditions becomes a major design and operating criterion for transmission 
capacity. This ability is usually characterized by the transient and dynamic 
stability of the system. A transmission system is said to be transiently stable if it 
can recover normal operation following a specified major disturbance. Similarly, 
the system is said to be dynamically stable if it recovers normal operation 
following a minor disturbance. The dynamic stability indicates the damping 
characteristics of the system. A dynamic (or “oscillatory”) instability means that a 
minor disturbance may lead to increasing power oscillation and the eventual loss 
of synchronism. 

During and after major disturbances the transmission angle and transmitted 
power may significantly change from, and oscillate around their steady-state 
values. Consequently, a power system cannot be operated at, or even too close to 
its steady-state power transmission limit. An adequate margin is needed to 
accommodate the dynamic power “swings” while the disturbed machines regain 
their synchronism in the system. 

The phenomenon of escalating decrease and eventual collapse of the terminal 
voltage as a result of an incremental load increase is referred to as voltage 
instability. Voltage collapse is the result of a complex interaction between 
induction motor type loads and certain voltage regulators, such as tap-changing 
transformers, which may take several seconds to minutes. The essence of this 
process is that decreasing terminal voltage results in increasing load current and 
poorer load power factor (induction motors) which tend to further decrease the 
terminal voltage. The voltage regulators (tap-changing transformers) are not able 
to change the character of this process and under sufficiently severe conditions 
(low system voltage and heavy loading) it degenerates (in a positive-feedback 
manner) into a voltage collapse. The voltage stability limit identifies for a given 


system the specific V and P condition at which the next increment of load causes a 
voltage collapse. 
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1.2.5 Dynamic compensation for stability enhancement 


As seen in the previous sections, both shunt and series line compensation can 
significantly increase the maximum transmittable power. Thus, it is reasonable to 
expect that, with suitable and fast controls, these compensation techniques will be 
able to change the power flow in the system so as to increase the transient stability 
limit and provide effective power oscillation damping, as well as to prevent 
voltage collapse. 

Similarly, the capability of the phase shifter to vary the transmitted power by 
transmission angle control can also be applied, with sufficiently fast controls, to 
the improvement of transient and dynamic system stability. 

In the following two sections, the potential effectiveness of the three 
compensation approaches (shunt, series, and angle control) for transient stability 
improvement and power oscillation damping are explored and compared. In the 
subsequent third section, the use of shunt and series capacitive compensation for 
the increase of voltage instability limit for a radial transmission line is discussed. 


1.2.5.1 Transient stability improvement 


The potential effectiveness of shunt and series compensation and angle control on 
transient stability improvement can be conveniently evaluated by the equal area 
criterion. The meaning of the equal area criterion is explained with the aid of the 
simple two machine (the receiving-end is an infinite bus), two line system shown 
in Figure 1.10a and the corresponding P versus ô curves shown in Figure 1.10b. 
Assume that the complete system is characterized by the P versus d curve “a” and 
is operating at angle 6; to transmit power P, when a fault occurs at line segment 
“1”, During the fault the system is characterized by P versus ô curve “b” and 
thus, over this period, the transmitted electric power decreases significantly while 
mechanical input power to the sending-end generator remains substantially 
constant. As a result, the generator accelerates and the transmission angle 
increases from 6, to 6, at which the protective breakers disconnect the faulted line 
segment “1” and the sending-end generator absorbs accelerating energy, 
represented by area “A,”. After fault clearing, without line segment “1” the 
degraded system is characterized by P versus ô curve “c”. At angle 5, on curve 
“c” the transmitted power exceeds the mechanical input power and the sending 
end generator starts to decelerate; however, angle ô further increases due to the 
kinetic energy stored in the machine. The maximum angle reached at &, where 
decelerating energy, represented by area “A,”, becomes equal to the accelerating 
energy represented by area “A,”. The limit of transient stability is reached at 5, = 
sip beyond which the decelerating energy would not balance the accelerating 
energy and synchronism between the sending-end and receiving-end could not be 
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restored. The area “A magin » between 5, and Ĝe represent the transient stability 
margin of the system. 


(a) a(pre-fault) 
V max c(post-fault) 
Vi 
(during-fault) 
(b) 0 8,5, 128,54, T 8 


Figure 1.10 Illustration of the equal area criterion for transient stability 


From the above general discussion it is evident that the transient stability, at a 
given power transmission level and fault clearing time, is determined by the P 
versus 6 characteristic of the post fault system. Since, as previously shown, shunt 
and series compensation and angle control improve the natural transmission 
characteristic of the system, it can be expected that the judicious employment of 
these techniques would be highly effective in increasing the transmission 
capability of the post-fault system and thereby enhancing transient stability. 

For comparison, consider the four basic two-machine (sending-end generator, 
receiving-end infinite bus) systems, with no compensation, mid-point shunt 
compensation, and phase angle control, as shown in Figures 1.4, 1.5, 1.7, and 1.8. 
For clarity, the above introduced equal-area criterion, is applied here in a greatly 
simplified manner, with the assumption that the original single line model 
represents both the pre-fault and post-fault systems. (The impracticality of the 
single line system and the questionable validity of this assumption has no effect 
on this qualitative comparison.) Suppose that in the uncompensated and all three 
compensated systems the steady-state power transmitted is the same. Assume that 
all four systems are subjected to the same fault for the same period of time. The 
dynamic behaviour of the four systems is illustrated in Figures 1.1la through 
1.11d. Prior to the fault, each of the four systems transmits power Pm (subscript m 
stands for “mechanica]”) at angles 5, 61, &n and &n respectively (Subscripts p, 
s, and a stand for “parallel”, “series”, and “angle”.) During the fault, the 


22 Flexible ac transmission systems 


transmitted electric power (of the single line system considered) becomes zero 
while the mechanical input power to the generators remains constant (Pn). 
Therefore, the sending-end generator accelerates from the steady-state angles 6,, 
i Si, and 6, to angles 5, &zn dz, and dj. at which the faults clears. The 
accelerating energies in the four systems are represented by areas A,, Api, Ası, and 
A,,. After fault clearing, the transmitted electric power exceeds the mechanical 
input power and the sending-end machine decelerates, but the accumulated kinetic 
energy further increases until a balance between the accelerating and decelerating 
energies, represented by areas Aj, Ap» Asn, and An and A, Ay, Ap, and Ap, 
respectively, is reached at &, ds, ds, and dy. The difference between angles &, 
Ops, Os, and 6,3, representing the maximum angular swings, and the critical angles 
Scrits Opcrits Qoi ANd Gcr determines the margin of transient stability, that is, the 
“unused” and still available decelerating energy, represented by areas A margin 
A pmargin» Agmargins and A smargin: 


2 
P, = 2Y_ sin 8/2 
XL 


Figure 1.11 Equal area criterion to illustrate the transient stability margin for a 
simple two machine system: (a) without compensation, (b) with an ideal mid-point 
compensator; (c) with a series capacitor and (d) with a phase shifter 
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Comparison of Figures 1.1la through 1.11d clearly shows a substantial 
increase in the transient stability margin the three compensation approaches can 
provide through the control of different system parameters. The shunt-connected 
("parallel') var compensation method provides the improvement by segmenting 
the transmission line and regulating the midpoint voltage. The series capacitive 
compensation approach reduces the effective transmission impedance and 
minimizes the transmission angle. Phase angle control keeps the transmission 
angle, d-o, at 1/2 for maintaining maximum power transmission while the 
generator angle swings beyond this value. 

The use of any one of the three compensation approaches obviously can 
increase the transient stability margin significantly over that of the uncompensated 
system. Alternatively, if the uncompensated system has a sufficient transient 
stability margin, these compensation techniques can considerably increase the 
transmittable power without decreasing this margin. 

In the explanation of the equal area criterion at the beginning of this section, a 
clear distinction was made between the “pre-fault” and “post-fault” power system. 
It is important to note that from the standpoint of transient stability, and thus of 
overall system security, the post-fault system is the one that counts. That is, 
power systems are normally designed to be transiently stable, with defined pre- 
fault contingency scenarios and post-fault system degradation, when subjected to 
a major disturbance (fault). Because of this (sound) design philosophy, the actual 
capacity of transmission systems is considerably higher than that at which they are 
normally used. Thus, it may seem technically plausible (and economically savvy) 
to employ fast acting compensation techniques, instead of overall network 
compensation, specifically to handle dynamic events and increase the transmission 
capability of the degraded system under the contingencies encountered 


1.2.5.2 Power oscillation damping 


In the case of an under-damped power system, any minor disturbance can cause 
the machine angle to oscillate around its steady state value at the natural 
frequency of the total electromechanical system. The angle oscillation, of course, 
results in a corresponding power oscillation around the steady-state power 
transmitted. The lack of sufficient damping can be a major problem in some 
power systems and, in some cases it may be the limiting factor for the 
transmittable power. 

Until the late 1970s, the excitation control of rotating synchronous machines 
was the available active means for power oscillation damping. Later 
technological developments made it possible to vary rapidly reactive shunt and 
series compensation, as well as transmission angle, thereby facilitating highly 
effective power oscillation damping. 

Since power oscillation is a sustained dynamic event, it is necessary to vary 
the applied compensation so as to achieve consistent and rapid damping. The 
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control action required is essentially the same for the three compensation 
approaches. That is, when the rotationally oscillating generator accelerates and 
angle ô increases (dd/dt > 0), the electric power transmitted must be increased to 
compensate for the excess mechanical input power. Conversely, when the 
generator decelerates and angle ô decreases (dd/dt < 0), the electric power must be 
decreased to balance the insufficient mechanical input power. (The mechanical 
input power is assumed to be essentially constant in the time frame of an 
oscillation cycle.) 


8 Undamped 
(a) 8, 
P t 
Undamped 
(b) Po 


Q t 
(c) 
9 t 
EE an e 
(q) o 
o t 
Figure 1.12 Waveforms illustrating power oscillation damping by shunt 
compensation, controllable series compensation, or phase angle control: (a) 


generator angle; (b) transmitted power; (c) var output of a shunt compensator; 
(d) degree of series compensation and (e) angle variation of a phase shifter 


(e) 


The requirements of output control, and the process of power oscillation 
damping, by the three compensation approaches, are illustrated in Figure 1.12a 
through 1.12e. Waveforms in (a) show the undamped and damped oscillations of 
angle ô around the steady-state value 6. Waveforms in (b) show the undamped 
and damped oscillations of the electric power P around the steady-state value Pp. 
(The momentary drop in power shown in the figure represents an assumed 
disturbance that initiated the oscillation.) 

Waveform (c) shows the reactive power output Q, of a shunt-connected var 
compensator. The capacitive (positive) output of the compensator increases the 
midpoint voltage and the transmitted power when dd/dt > 0, and it decreases those 


when dddt < 0. 
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Waveform (d) shows the required variation of k=X,/X for series capacitive 
compensation. When dé/dt > 0, k is increased and thus the line impedance is 
decreased. This results in the increase of the transmitted power. When dd/dt < 0, 
k is decreased (in the illustration it becomes zero) and the power transmitted is 
decreased to that of the uncompensated system. 

Waveform (e) shows the variation of angle o produced by the phase shifter. 
(For the illustration it is assumed that a has an operating range of -Oms < O <$ 
Cmax and 6 is in the range of 0 < ô < m2.) Again, when dõdt > 0, angle ø is 
negative making the power versus 6 curve (refer to Figure 1.12c) shift to the left, 
which increases the angle between the end terminals of the line and, consequently, 
also the real power transmitted. When dd/dt < 0, angle o is made positive, which 
shifts the power versus angle curve to the right and thus decreases the overall 
transmission angle and transmitted power. 

As the illustrations show, a “bang-bang” type control (output is varied between 
minimum and maximum values) is assumed for all three compensation 
approaches. This type of control is generally considered the most effective, 
particularly if large oscillations are encountered. However, for damping relatively 
small power oscillations, a strategy that varies the controlled output of the 


compensator continuously, in sympathy with the generator angle or power, may 
be preferred. 


1.2.5.3 Increase of voltage stability limit 


Consider the simple radial system with feeder line reactance of X and load 
impedance Z, shown in Figure 1.13a together with the normalized terminal 
voltage V, versus power P plot at various load power factors, ranging from 0.8 lag 
and 0.9 lead. The “nose-point” at each plot given for a specific power factor 
represents the voltage instability corresponding to that system condition. It should 
be noted that the voltage stability limit decreases with inductive loads and 
increases with capacitive loads. 

The inherent circuit characteristics of the simple radial structure, and the V, 
versus P plots shown, clearly indicate that both shunt and series capacitive 
compensation can effectively increase the voltage stability limit. Shunt 
compensation does so by supplying the reactive load and regulating the terminal 
voltage (V-V,=0) as illustrated in Figure 1.13b. Series capacitive compensation 
does so by canceling a portion of the line reactance X and thereby in effect 
providing a “stiff’ voltage source for the load, as illustrated for a unity power 
factor load in Figure 1.13c. 
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Figure 1.13 (a) Variation of voltage stability limit with load and load power 
factor; (b) extension of voltage stability limit by reactive shunt compensation and 
(c) extension of voltage stability limit by series capacitive compensation 


1.3 Transmission problems and needs: the emergence of FACTS 


The basic limitations of classic ac power transmission (distance, stability, and 
controllability of flow), which have necessitated the under-utilization of lines and 
other assets, and the potential of mitigating these limitations cost effectively by 
controlled compensation, provided the early incentives in the late 1970s to 
introduce power electronics-based control for reactive compensation. This 
normal evolutionary process has been greatly accelerated by more recent 
developments in the utility industry, which have aggravated the early problems 
and highlighted the structural limitations of power systems in a greatly changed 
socioeconomical environment. The desire to find solutions to these problems and 
limitations led to focused technological developments under the Flexible AC 
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Transmission System (FACTS) initiative of the Electric Power Research Institute 
(EPRI) in the United States with the ultimate objective to provide power 
electronics-based, real time control for transmission systems. 

Apart from the obvious orientation of FACTS to the needs of US utilities, the 
structure of the American electric power system is, from the standpoint of the 
subject considered, also of particular interest because, first, it has the 
characteristics of that needed to supply a highly developed industrial society and, 
second, due to the physical size and geographic composition of the country, it 
presents similar system problems faced by other geographically large countries in 
the world. 


1.3.1 Historical background 


Historically, the US electric power industry has been one of the twentieth 
century’s most phenomenal growth industries. From the very beginning, the 
unparalleled expansion of industrial activity, rapidly growing population, and 
available energy sources contributed to this growth. The number of utilities 
reached 3620 by 1902, and was more than 6000 by the early 1920s. Privately 
owned utilities dominated the production of electric power, but municipal 
organizations also participated in retail power distribution. Originally the utilities 
typically were small and locally owned, with very limited geographical service 
areas. However, by the late 1920s, as few as 15 large utility holding companies 
controlled over 80% of the industry’s power generation capacity. 

The largely unregulated holding company era, characterized by financial 
improprieties and abuses, was brought to an end by public indignation, which 
resulted in the passage of the Public Utility Holding Company Act of 1935, and 
the creation of the Federal Power Commission. The industry concentration was 
significantly decreased (15 largest utilities, out of some 3400, controlled less than 
35 % of generation capacity) and, at the same time, regulation of interstate 
electric rates and other legislative measures were introduced. Federal intervention 
was not limited to regulatory measures. The economic depression of the 1930s 
prompted the government to participate in the production of electric power for 
regional economic development. This led to the establishment of a number of 
public utility entities and cooperatives, most of which were primarily distribution 
companies. Still by 1950, the total power supplied by the private sector decreased 
to about 80%. This structure of the utility industry has substantially prevailed until 
now. 


1.3.2 Recent developments and problems 


The unprecedented technological developments after the Second World War with 
rapid industrial growth resulted in a dramatic increase in the demand for electric 
power and the industry capacity expanded nearly tenfold from the 1950s to the 


28 Flexible ac transmission systems 


early 1970s. This huge increase in power demand was answered by major 
expansion of generation and transmission facilities, and by the formation of 
regional power pools and increasing interconnection of individual power systems. 

The socioeconomic conditions had unexpectedly begun to change during the 
1970s with the utility industry facing a set of difficult economic, environmental, 
and social problems. The oil embargo in the mid 1970s, public opposition to 
nuclear power, and social focus on clean air and other environmental issues led to 
considerable increases in operating cost and governmental intervention. The 
national energy legislation, various environmental initiatives, and other restrictive 
regulations went into effect. Alternate energy development plans for solar, 
geothermal, oil shale, and others were initiated. At the same time the US 
manufacturing industry went through major restructuring: large, concentrated 
manufacturing facilities were closed down and production was distributed to 
smaller facilities at different geographic locations. This, combined with 
pronounced demographic changes (people moved from cold to warm climates), 
resulted in a considerable geographical shift in power demand. 

All these would have required the relocation or construction of new generation 
facilities and transmission lines relatively quickly to match the geographically 
different power demand.profile and accommodate a volatile fuel cost structure. 
Neither the strong economic base, nor the previous freedom of action existed for 
utilities to adopt these conventional solutions. Indeed, the increasing public 
concern about environment and health, and the cost and regulatory difficulties in 
securing the necessary “rights-of-way” for new projects, have often prevented or 
excessively delayed the construction of many generation facilities and 
transmission lines needed by the utilities. 

The problems imposed by the new socioeconomic conditions fuelled the 
further growth of interconnection among neighbouring utility systems to share 
power with other regional pools and be part of a growing national grid. The 
underlying reason for this integration has been to take advantage of the diversity 
of loads, changes in peak demand due to weather and time differences, the 
availability of different generation reserves in various geographic regions, shifts in 
fuel prices, regulatory changes, and other factors which may manifest themselves 
differently in other time and geographic zones. 

The US power system, evolving from originally isolated utility suppliers to 
regional power pool groups, did not have a flexible enough transmission grid to 
cope with the rapidly changing requirements under rapid economic and 
environmental changes. In the interconnected system “contracted” power was to 
be delivered sometimes from a distant generation site, often by “wheeling” it 
through the transmission systems of several utilities, to the designated load area. 
These arrangements inevitably led to uncontracted and undesired parallel- and 
loop-flows of power (since part of the line current from the sending-end flowed 
through each available parallel path in proportion to its admittance), which often 
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overloaded some lines causing thermal and voltage variation problems. The 
receiving-end was also exposed to difficulties caused by the contingency loss of 
imported power and the consequent heavy overload condition on the local system, 
leading to severe voltage depression with the danger of possible voltage collapse. 
These problems greatly accelerated the use of capacitive compensation. Still, with 
the growing interconnected system it was increasingly difficult to maintain the 
traditional (conservative) stability margins without sufficient transmission 
reinforcement. 

The voltage support and transient stability requirements of the expanding 
interconnected network, and the prevailing restrictions for new line construction, 
as well as economic considerations, also led to the increasing applications of 
controllable var compensators in transmission systems beginning in the late 
1970s. To date, there are about 20,000 controllable Mvars installed in the USA, 
Canada, and Mexico, and about 70,000 Mvars worldwide. 


1.3.3 Challenges of deregulation 


The newest challenge the US utility industry faces is deregulation. In 1995 the 
Federal Energy Regulatory Commission (FERC) issued its Notice of Proposed 
Ruling (NOPR) for a more competitive electric industry. The main objective of 
the new rules is to facilitate the development of a competitive market by ensuring 
that wholesale buyers and sellers can reach each other through non- 
discriminatory, open access transmission services. The implication of “open 
access” is that power generation and transmission must be functionally 
“unbundled”. The structural implementation of this ruling is still unclear. The 
control of the power transmission grid could be given to an Independent Grid 
Operation Company, or the utility transmission assets could be sold to one or 
more Transmission Companies that would own and operate the transmission grid. 
(This latter arrangement would be similar to that established earlier in the United 
Kingdom with the formation of the National Grid Company.) State-level 
regulations addressing the retail market are presently being worked out. The 
California Public Utilities Commission has already established its schedule for 
planned deregulation, starting with direct access for transmission level consumers 
and progressively reaching the ultimate objective of direct access for all 
consumers by year 2002. 

The implementation of deregulation poses formidable challenges to the US 
utility industry. Some of these challenges in the area of power transmission — 
relevant to the present discussion — are readily foreseeable. The main economic 
emphasis of deregulation is to reduce the cost of electricity, that is, to minimize 
the cost of electric power generation by free (non-discriminatory) competition. 
This, as an opportunity, will considerably increase the number of independent 
power producers. Also, it will undoubtedly keep moving the geographical 
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locations of lowest cost power generation, and vary the local generation levels, 
according to the relative cost of different fuels and other changing factors 
affecting the cost of energy production (e.g., environmental protection). The 
compulsory accommodation of the contracted (usually the least expensive) power 
by the transmission network will likely aggravate the parallel- and loop-flow 
problems, causing unpredictable line loading (thermal limits), voltage variation, 
and the potential decrease of transient stability. The unbundling of power 
generation from transmission will likely worsen these problems by eliminating the 
incentive for equipping the generators with — often costly — functional capabilities, 
such as the effective control of reactive power generation and absorption (high- 
response excitation systems, power system stabilizers, etc.) to aid power 
transmission. The consequent decrease of coordinated reactive power support 
provided traditionally by the generators will further aggravate the transmission 
problems in the areas of voltage variation, transient and dynamic stability. The 
potential effect of all these on the reliability and security of the overall power 
system, without effective counter measures, could be devastating. 

The traditional solution to the above problems would be a massive 
reinforcement of the transmission network with new lines to re-establish, by the 
method of “brute force”, the conventional voltage limit, stability, and thermal 
margins under greatly expanded contingency scenarios. Apart from the cost, such 
a major undertaking under the present environmental and regulatory constraints 
would not be possible. This leaves the solution to technological approaches. One 
such approach, the Flexible AC Transmission System (FACTS), the main subject 
of this book, relies on the large scale application of power electronics-based, and 
real time computer-controlled, compensators and controllers to provide cost 
effective, “high tech” solutions to the problems with the objective being the full 
utilization of transmission assets. 


1.3.4 The objectives of FACTS 


The basic transmission challenge of the evolving deregulated power system, 
whatever final form it may take, is to provide a network capable of delivering 
contracted power from any supplier to any consumer over a large geographic area 
under market forces-controlled, and thus continuously varying, patterns of 
contractual arrangements. The aggravating constraint to any potential solution is 
that, due to cost, right-of-way, and environmental problems, the network must 
substantially be based on the existing physical line structure. 

The Electric Power Research Institute, after years of supporting the 
development of high power electronics for such applications as High Voltage DC 
(HVDC) Transmission and reactive compensation of ac lines, in the late 1980s 
formalized the broad concept of Flexible AC Transmission System (FACTS). The 
acronym FACTS identifies alternating current transmission systems incorporating 
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power electronics-based controllers to enhance the controllability and increase 
power transfer capability. The FACTS initiative was originally launched to solve 
the emerging system problems in the late 1980s due to restrictions on transmission 
line construction, and to facilitate the growing power export/import and wheeling 
transactions among utilities, with two main objectives: 

(1) To increase the power transfer capability of transmission systems, and 

(2) to keep power flow over designated routes. 

The first objective implies that power flow in a given line should be able to be 
increased up to the thermal limit by forcing the necessary current through the 
series line impedance if, at the same time, stability of the system is maintained via 
appropriate real-time control of power flow during and following system faults. 
This objective of course does not mean to say that the lines would normally be 
operated at their thermal limit loading (the transmission losses would be 
unacceptable), but this option would be available, if needed, to handle severe 
system contingencies. However, by providing the necessary rotational and 
voltage stability via FACTS controllers, instead of large steady-state margins, the 
normal power transfer over the transmission lines is estimated to increase 
significantly (about 50%, according to some studies conducted). 

The second objective implies that, by being able to control the current in a line 
(by, for example, changing the effective line impedance), the power flow can be 
restricted to selected (contracted) transmission corridors while parallel and loop- 
flows can be mitigated. It is also implicit in this objective that the primary power 
flow path must be rapidly changeable to an available secondary path under 
contingency conditions to maintain the desired overall power transmission in the 
system. 

It is easy to see that the achievement of the two basic objectives would 
significantly increase the utilization of existing (and new) transmission assets, and 
could play a major role in facilitating deregulation with minimal requirements for 
new transmission lines. 

The implementation of the above two basic objectives requires the 
development of high power compensators and controllers. The technology needed 
for this is high power (multi-hundred MVA) electronics with its real-time 
operating control. However, once a sufficiently large number of these fast 
compensators and controllers are deployed over the system, the coordination and 
overall control to provide maximum system benefits and prevent undesirable 
interactions with different system configurations and objectives, under normal and 
contingency conditions, present a different technological challenge. This 
challenge is to develop appropriate system optimization control strategies, 
communication links, and security protocols. The realization of such an overall 
system optimization control can be considered as the third objective of the FACTS 
initiative. 
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The development of FACTS controllers has followed two distinctly different 
technical approaches, both resulting in a comprehensive group of controllers able 
to address targeted transmission problems. The first group employs reactive 
impedances or a tap-changing transformer with thyristor switches as controlled- 
elements; the second group uses self-commutated static converters as controlled 
voltage sources. 


1.4.1 Thyristor controlled FACTS controllers 


The first group of controllers, the static var compensator (SVC), thyristor- 
controlled series capacitor (TCSC) and phase-shifter, employ conventional 
thyristors (i.e., those having no intrinsic turn-off ability) in circuit arrangements 
which are similar to breaker-switched capacitors and reactors and conventional 
(mechanical) tap-changing transformers, but have much faster response and are 
operated by sophisticated controls. Each of these controllers can act on one of the 
three parameters determining power transmission, voltage (SVC), transmission 
impedance (TCSC) and transmission angle (phase-shifter), as illustrated in Figure 
1.14. 

Except for the thyristor-controlled phase shifter, all of these have a common 
characteristic in that the necessary reactive power required for the compensation is 
generated or absorbed by traditional capacitor or reactor banks, and the thyristor 
switches are used only for the control of the combined reactive impedance these 
banks present to the ac system. (Although the phase shifter does not inherently 
need a capacitor or reactor, neither is it able to supply or absorb the reactive 
power it exchanges with the ac system.) Consequently, conventional thyristor- 
controlled compensators present a variable reactive admittance to the transmission 
network and therefore generally change the character of the system impedance. 
Typically, capacitive shunt compensation coupled with the inductive system 
impedance results in a network resonance somewhere above the fundamental 
frequency (50 or 60 Hz) that may be at, or close to, the dominant harmonic 
frequencies (3%, 5*, 7") of the SVC (and of the ac system). The series capacitive 
compensation results in an electrical resonance below the fundamental that can 
interact with the mechanical resonances of the turbine-generators supplying the 
line and, in this way, may cause an overall system sub-synchronous resonance 
(SSR). 

The network resonances above and below the fundamental can cause 
significant problems if they occur at frequencies at which sustained excitation is 
possible. For this reason, tuned LC filters are usually employed in the SVC to 
produce impedance zeros and thus prevent parallel resonances at the dominant 
harmonic frequencies. The mitigation of subharmonic resonance produced by 
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series compensation may require “active” damping via the controls of the thyristor 
valves. 


Static Var Compensator (SVC) 
ù. 


Thyristor-Controtled Phase Shifter 


Figure 1.14 Conventional thyristor-based FACTS controllers 


From the standpoint of functional operation, the SVC and TCSC act indirectly 
on the transmission network. For example, the TCSC is inserted in series with the 
line for the purpose of developing a compensating voltage to increase the voltage 
across the series impedance of the given physical line that ultimately determines 
the line current and power transmitted. Thus, the actual series compensation 
provided is inherently a function of the line current. Similarly, the SVC is applied 
as a shunt impedance to produce the required compensating current. Thus, the 
shunt compensation provided is a function of the prevailing line voltage. This 
dependence on the line variables (voltage and current) is detrimental to the 
compensation when large disturbances force the TCSC and SVC to operate 
outside of their normal control range. 

The basic operating principles and characteristics of the conventional 
thyristor-controlled FACTS controllers are summarized below. 
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1.4.1.1 Static var compensator 


Thyristor-controlled static var compensators are the forerunners of today’s 
FACTS controllers. Developed in the early 1970s for arc furnace compensation, 
they were later adapted for transmission applications. A typical shunt-connected 
static var compensator, composed of thyristor-switched capacitors (TSCs) and 
thyristor-controlled reactors (TCRs), is shown in Figure 1.15. With proper 
coordination of the capacitor switching and reactor control, the var output can be 
varied continuously between the capacitive and inductive ratings of the 
equipment. 
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Figure 1.15 Static var compensator employing thyristor-switched capacitors and 
thyristor-controlled reactors 


The compensator is normally operated to regulate the voltage of the 
transmission system at a selected terminal. The V-I characteristic of the SVC, 
shown in Figure 1.16, indicates that regulation with a given slope around the 
nominal voltage can be achieved in the normal operating range defined by the 
maximum capacitive and inductive currents of the SVC. However, the maximum 
obtainable capacitive current decreases linearly (and the generated reactive power 
in quadrature) with the system voltage since the SVC becomes a fixed capacitor 
when the maximum capacitive output is reached. Therefore, the voltage support 
capability of the conventional thyristor-controlled static var compensator rapidly 
deteriorates with decreasing system voltage. 

In addition to voltage support, SVCs are also employed for transient (first 
swing) and dynamic stability (damping) improvements. The effectiveness of the 
SVC for the increase of transmittable power is illustrated in Figure 1.17, where 
the transmitted power P is shown against the transmission angle 5 for a simple 
two-machine model at various capacitive ratings defined by the maximum 
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capacitive admittance Bema. It can be observed that the SVC behaves like an ideal 
mid-point compensator with a P versus 6 relationship, as given by equation (1.15), 
until the maximum capacitive admittance Bons, is reached. 
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Figure 1.16 V-I characteristic of the Static Var Compensator 
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Figure 1.17 Power transfer capacity increase obtainable with a mid-point SVC 


From this point on, the power transmission curve becomes identical to that 
obtained with a fixed, mid-point shunt capacitor whose admittance is Bom. The 
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Chapter 2 


Power electronics: fundamentals 
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2.1 Introduction 


Power electronics was first applied in power systems compensation with the 
advent of power semiconductor diodes and thyristors in the 1970s. Among the first 
applications were High Voltage DC (HVDC) transmission systems, based on 
thyristor rectifiers and inverters [1,2]. In parallel, static reactive power 
compensators were developed and installed: rotating synchronous condensers 
were replaced by thyristor-based technologies. In typical installations, a thyristor- 
controlled reactor (TCR) provides variable lagging reactive power (vars), and 
fixed or thyristor-switched capacitors (TSC) provide the leading vars. The 
combination of both devices in parallel allows continuous control of vars over a 
wide range of values, from leading to lagging vars [3,4]. The potential of var 
compensators based on other static power converter topologies was also 
recognized and a number of configurations proposed and investigated [4,5]. 

However, thyristor technology only allows the implementation of lagging var 
generators, unless complex force-commutation circuits are used. This drawback 
has been eliminated with the introduction of Gate Turn-Off (GTO) thyristors [6]. 
This has allowed the development of a number of configurations based on the 
concept of synchronous voltage sources [7]. Prototype GTO-based shunt var 
compensators, known as STATCOMs, have been installed and tested by utilities 
[8]. The STATCOM and other static var compensators have recently been 
grouped, together with other types of devices used for transmission system control 
and power flow optimization, under the heading of Flexible AC Transmission 
System (FACTS) devices [9]. 

Static power compensators are typically connected in shunt across 
transmission systems. An alternative connection, the series connection, has 
recently been the subject of many investigations [10]. Technological solutions 
have been developed to solve problems associated with insulating the equipment 
from ground and the full potential of series connections can now be exploited. One 
of the latest developments in power system compensation technology has been the 
combination of series and shunt static compensators into one unit, the Unified 
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Power Flow Controller, or UPFC [11]. In parallel, HVDC systems based on self- 
commutated power switches have been developed [12]. 

Static power converters have been successfully applied to a large number of 
power conversion problems at low and medium power levels. However, adapting 
these solutions to power transmission and distribution levels raises special issues. 
Although the capacity of power semiconductor switching devices has gradually 
increased, large ratings still require combining devices or converters in series and 
parallel. In addition to the large power handling capacity, static compensators 
must have very high efficiency, since losses increase both the capital and 
operating costs of the power system. Switching losses are therefore of primary 
concern and switching frequencies in general must be kept low. This may result in 
large harmonic waveform distortion, unless suitable control techniques and power 
circuit configurations are used. 

This chapter presents the principles of power electronic converters as they 
apply to existing and proposed FACTS devices. It covers the control of passive 
reactive elements by means of power semiconductor switches and the use of static 
power converters to synthesize voltage and current sources for power system 
compensation. Both line-commutated and force-commutated technologies are 
presented. Topologies suitable for use with self-commutated devices such as 
GTOs and the more recently available high power IGBTs are discussed. Switch 
gating issues, including the use of Pulse Width Modulation (PWM) techniques, are 
addressed. Structures suitable for the design of high power converters for 
transmission level voltages and currents are presented, particularly multi-level and 
multi-module topologies. 


2.2 Basic functions of power electronics 


2.2.1 Basic functions and connections of power converters 


The basic functions of static power converters in the area of FACTS devices [9] 

can be broadly classified as: 

e Controlling the amplitude of the ac voltage applied to a circuit. Examples of 
circuits include reactive elements in devices used for power system var 
compensation. These are connected in either shunt or series, Figure 2.1: an 
inductor, in Thyristor Controlled Reactors (TCR), a capacitor, in Thyristor 
Switched Capacitors (TSC), or a capacitor in Thyristor Controlled Series 
Capacitors (TCSC). The circuit can be another transformer, as in thyristor 
controlled phase-shifting transformers (TCPST) used for quadrature voltage 
injection. l 

e Producing synthetic voltage or current sources. These sources can be 
connected to the transmission system, Figure 2.2, in shunt, as in the Static 
Compensator (STATCOM), Figure 2.2 (a); in series, as in the Static 
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Synchronous Series Compensator (SSSC), Figure 2.2 (b); in a combination of 
shunt and series, Figure 2.2 (c), as in the Unified Power Flow Controller 
(UPFC). 

e Converting power from one form to another, ac into dc or dc into ac. This 
process is used in High Voltage DC (HVDC) transmission and other devices 
injecting real power into the ac system, such as the UPFC. 
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Figure 2.1 Principles of var compensation in transmission systems. (a)Shunt 
compensation. (b) Series compensation. 


2.2.2 Applications of reactive power compensation 


The role and potential of static power converters in modifying the characteristics 
and operation of power systems can be illustrated by means of requirements and 
applications to power system compensation. Compensation can be viewed as the 
injection of power, usually reactive power, leading or lagging, into the ac system. 
In its simplest form, this is achieved by inserting fixed capacitors or inductors in 
either series or shunt into the ac system. Assuming a compensating reactance X, is 
inserted in a transmission system, the generated var Q., per phase, is derived as 
follows: 
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e For the shunt connection, Figure 2.1(a), a reactive current J, is generated, 
allowing in particular ac system voltage support at the point of connection, V,: 
h = VAX. 
Q: = VIX. 

e For the series connection, Figure 2.1(b) the capacitive impedance X, partially 
compensates the line reactance, and a capacitive voltage V, is inserted in 
series, the current J, being the line current: 
Vi = IX. 

Q: j I? c 


ref 
Inverter 
ref 


Energy 
Storage 


(b) 


Power electronics: fundamentals 77 


(c) 


Figure 2.2 Principles of active compensation based on static power converters. (a) 
Shunt connection (STATCOM). (b) Series connection (SSSC). (c) Series-shunt 
connection (UPFC). 


In addition to the lack of controllability of the reactive power injection, fixed 
capacitive compensation may lead to ac system instability, such as in the 
phenomenon known as Subsynchronous Resonance, or SSR, associated with series 
compensation [13]. In order to control the amount of reactive power injected, the 
reactive impedance must be varied. Equivalently, a variable current or variable 
voltage can be injected into the system, emulating a variable reactance. 

The apparent reactive impedance of a fixed element can be varied using ac 
switches, or ac controllers. Conversely, the current or voltage required to emulate 
a variable reactance can be injected into the ac system by means of synthetic 
sources, which can be realized using static power converters, Figure 2.2. In 
addition to providing reactive power, these active compensators can also be used 
to supply real power, either transiently, for a given number of periods of the ac 
supply or on a continuous basis. This real power can be used to dampen power 
system oscillations or temporarily support the power system voltage under fault 
conditions. Furthermore, since the compensator is fully controllable, resonant 
frequencies associated with the use of capacitors are eliminated and the risk of 
instability eliminated. 

Consideration must be given to protecting power electronic converters against 
power system transients and faults: overvoltages, in the case of shunt connections, 
or short circuits, in the case of series connections. In addition, series compensators 
must be isolated from the ac system. 
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2.3 Power semiconductor devices for high power converters 


2.3.1 Classification of devices 


Power semiconductor switches applicable to high power static compensators can 

be classified as follows: 

e Uncontrolled, unidirectional current capability, unidirectional voltage 
blocking switch, the diode. The conduction state is dictated by the natural 
flow of the current. 

e Turn-on controllable switch, unidirectional current capacity, bidirectional 
voltage blocking switch, the thyristor. The start of the conduction is initiated 
by means of a pulse between the gate and the cathode. Reverting to the 
blocking state requires that the current be extinguished by external means. 

e Fully controllable, or self-commutated devices. Turn-on and turn-off can be 
initiated through the gate. These devices are available as either pulse triggered 
or continuously gated devices. 


Table 2.1. Semiconductor switching power devices 


Uncontrolled/ Diode 
Unidirectional cur. 


Delay controlled/ Thyristor 


Supply/load Unidirectional cur. 


commutated 


Delay controlled/ Thyristors 


Bidirectional cur. 


Bidirectional cur. 
Self Unidirectional volt. IGBT. GTO 
commutated 


Unirectional current 
Bidir. volt. blocking GTO. (IGBT+D) 


Figure 2.3 shows the current/voltage characteristics and the commutation 
features of semiconductor devices. Table 2.1 summarizes the generic types of 
switches and their implementation using basic devices. It should be noted that 
conversion at very high power levels demands very high efficiencies, and switch 
losses should therefore be kept as low as possible. This includes conduction 
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losses, associated with forward drop, and switching losses, associated with 
switching frequency. 


atk ee 
OFF OFF OFF 


(a) (b) (c) 


Figure 2.3 Switching characteristics of power semiconductor devices. (a) Diode. 
(b) Thyristor. (c) Self commutated devices (GTO, IGBT). 


2.3.2 Device types and features 


The general features of semiconductor switches found in high power static 
converters are: 


Thyristors. They are unidirectional current carrying devices with symmetrical 
blocking capabilities. They are available in very large power ratings, that is 
several thousands of volts and amps. They are mostly used today in very high 
power applications, mainly power systems and very large motor drives. They 
are very rugged, have very low losses, mainly associated with current 
conduction, and are triggered by pulses requiring very small amounts of 
energy. Light-triggered thyristors are also available. However, they have to be 
turned off using external means: the current flowing through them must be 
extinguished by means of an external circuit. Current extinction can occur 
naturally, through voltage reversal, as in ac controllers. It can be initiated by 
transferring the current flowing through the thyristor to another branch of the 
power converter. An alternative is the addition of force-commutation circuits, 
however, these are complex and bulky. Because force-commutation is 
difficult to implement, thyristors are usually line commutated and switched at 
line frequency. 

Pulse triggered self-commutated devices. These are the Gate Turn Off (GTO) 
thyristors and are available with either symmetrical voltage blocking 
capabilities, or more commonly with only forward blocking capabilities. 
These asymmetrical devices behave as diodes for reverse voltages and are 
therefore bi-directional current carrying devices. They are pulse triggered, as 
are thyristors. Blocking is initiated by injecting reverse current into the gate, 
thereby shunting the main GTO current. Current gain in the blocking mode 
however is low, of the order of 3, thereby requiring gate drives with large 
pulse current capabilities. Pulse duration however is short (a few ps). A 
solution consists in closer integration of the gate drive and the device as in the 
Integrated Gate Commutated Thyristors (IGCT). In addition, the turn-off time 
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of a GTO is relatively long, particularly due to the tail current, restricting the 
switching frequency to a few hundred Hz. In addition, switching losses rise 
quickly as the switching frequency increases, further restricting operation to 
low switching. 

è Continuously gated self-commutated devices. The more common is the 
Insulated Gate Bipolar Transistor (IGBT). It can be viewed as a hybrid 
device. It has a behaviour similar to the Bipolar Junction Transistor (BJT) on 
the power side and to Field Effect Transistor (MOSFET) on the gate side. 
Gate consumption therefore is small. It must be gated continuously during the 
conduction period, which may require a separate gate drive power supply. 
Turn-on and turn-off times are small. The IGBT has forward, but no reverse, 
voltage blocking capabilities. It is designed to behave as a diode for reverse 
voltages. It therefore has bi-directional current carrying capabilities. Its 
availability allows switching frequencies to be increased to the low kHz range 
and therefore the more effective use of pulse width modulation (PWM) 
techniques for control of output magnitude and harmonic distortion. It is a 
relatively new device in high power applications, and has until recently been 
restricted to voltages and currents in the medium power range. However, 
larger devices are becoming available. Another hybrid device, still at the 
preliminary stages of investigation is the MOS Controlled Thyristor (MCT). 


2.4 Static power converter structures 


2.4.1 General principles 


2.4.1.1 Rules of association 


In high power applications, static power converters essentially consist of a set or 
matrix of power semiconductor switches connecting the input circuit to the output 
circuit, Figure 2.4. 

Since the power converter only consists of switches, input and output circuits, 
that is sources and loads, can only be associated in certain ways. Two voltage 
sources, typically a source and a capacitor, cannot be connected in parallel through 
switches, they must be decoupled using an inductor. Loads can also be classified 
as having voltage or current source features, that is they can be capacitive or 
inductive. The following basic rules of association must therefore be taken into 
account in configuring converter systems: 

e If the converter is fed from a voltage source, the converter output can be 
viewed as a voltage source and can only be connected to a circuit having 
current source features. An inductive load, for example a reactor in a TCR 
satisfies this requirement. If a capacitor is interfaced with the ac supply 
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through an ac controller (TSC), a series inductor must be added to limit the 
inrush current and in general continuous control cannot be achieved. Thus, the 
TSC must be operated with integral cycle control. These constraints are 
illustrated for ac to dc conversion in Figure 2.4 (a). 

e Conversely, if the converter is fed from a current source, the output can only 
be connected to a circuit having voltage source features, in other words a 
capacitive load. This is illustrated in Figure 2.4 (b) for a rectifier. 


Application of these principles allows the development of the topologies 
suitable for static power converters. 


Power converter 
AC Source Matrix of DC Bus 
(voltage) switches (current) 
(a) 


—_———_——p Rectifier 
A- Inverter 


Power converter 


AC Source 
(voltage) 


Matrix of 
switches 


DC Bus 
(voltage) 


(b) 


Figure 2.4 Static power converter implementation. AC/DC conversion. (a) 
Current source converter. (b) Voltage source converter. 
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(b) 


(c) 


Shunt Series 
Connection Injection 


(d) 


Figure 2.5 Thyristor ac controller circuits. (a) Thyristor controlled reactor (TCR). 
(b) Thyristor switched capacitor (TSC). (c) Thyristor controlled series capacitor 
(TCSC). (d) Thyristor controlled phase shifting transformer (TCPST). 
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2.4.1.2 Sources and converters 


In most transmission systems, energy is available in ac form. It can be converted 
to dc, either for dc transmission, or to create an intermediate dc link for conversion 
back to ac. Intermediate dc links have a number of advantages. They provide a 
means to couple two systems operating at different frequencies or with a different 
phase shift. They also allow the synthesis of voltages and currents of arbitrary 
amplitude and frequency. 

Static power converters can be classified as follows: 

e AC controllers, which convert fixed amplitude ac to variable amplitude ac, 
with no change in fundamental frequency, Figure 2.5 (a) and (d). 

e Rectifiers, which convert ac, of a fixed voltage amplitude and frequency, into 
dc, Figure 2.6. 

e Inverters, which convert dc to ac. In power system applications, the ac side is 
usually connected to the power system, Figure 2.6. Inverters must therefore 
be synchronized to the ac system. 

If the converter is bi-directional, that is, power flow can be reversed, a rectifier can 

operate as an inverter. This is the case in most converters. The rectifier-inverter 

nomenclature then refers to the normal power flow mode. 


2.4.2 Basic ac/dc converter topologies 


Thyristor rectifiers and inverters, because of the thyristor commutation process, 
require a constant current load on the dc side and an independent voltage source 
on the ac side. Therefore, an inductor is present on the dc side, Figure 2.6 (a). A 
convenient and general classification for converters is therefore based on the 
nature of the dc bus: a current source converter is connected to an inductive dc 
bus, whereas a capacitive dc bus requires a voltage source converter. The 
converter can operate as either an inverter or a rectifier, depending upon the nature 
and the control of the power flow. 

It should be noted that in thyristor converters, thyristors are line commutated, 
that is blocking of one thyristor is produced by the initiation of conduction in the 
next thyristor triggered. The dc bus current is therefore never interrupted: the line 
and transformer reactances, Figure 2.6 (a), do not violate the rule of association. 
They slow the current transition process, a desirable feature for the thyristor. The 
simultaneous conduction of two or more thyristors is a phenomenon known as 
commutation overlap. l 

Applying the rules of association, force-commutated converters can be 
classified as current source and voltage source converters, Figure 2.6 (b) and (c) 
respectively. Thyristor converters can be considered current source structures. It 
should be noted that, since ac supplies are usually inductive due to the line and 
transformer inductances, a capacitor must be placed directly across the converter 
input in force-commutated current source converters. This capacitor supplies the 
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instantaneous (ripple) current flowing through the converter switches and 
produced by switching the dc link current. 


Thyristor Rectifier 
(Current Source) 
L ac dc 
AC Out 
put 
Source Load 
(a) 
Pulsed ac | — 
AC Current c 
Source Source 

Converter 


Output 


Load 
(b) 
Pulsed ac V am 
Voltage c 
AG Source 
Sees Converter 

Output 

T Load 


(c) 


Figure 2.6 Power converter topologies. (a) Thyristor rectifier/inverter. (b) Self- 
commutated current source converter. (c) Self-commutated voltage source 
converter. 


Current and voltage source topologies can be viewed as dual topologies in 
terms of current and voltage waveforms. If the dc link current is assumed constant 
in the current source converter, the ac current is chopped, consisting of one or 
more pulses per half period. Conversely, if the de link voltage is assumed constant 
in the voltage source converter, the ac voltage is chopped, consisting of one or 
more pulses per half period. Current and voltage waveforms in current and voltage 
source converters are therefore similar. Furthermore, because they are switching 
converters, power converters produce quantities that are square waves rather than 
sinusoidal waves, therefore containing unwanted harmonic components. 
Techniques are available to manage these harmonics. 
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(a) 


(b) 


(c) 


Figure 2.7 Basic power converter circuits. Three phase bridge configurations. (a) 
Thyristor converter. (b) Self-commutated current source converter. (c) Self- 
commutated voltage source converter. 


Current and voltage source converters require different power switch 
characteristics: 
e Incurrent source converters, the dc bus current does not reverse, whereas the 
dc voltage across the switches can reverse instantaneously, due to the 
presence of the inductor. The switches are therefore of the unidirectional 
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current, bi-directional voltage blocking capability; thyristors and symmetrical 
GTOs have this feature, IGBTs require a series diode to satisfy the 
requirement. Power circuit configurations are given in Figure 2.7 (a) and (b) 
for thyristor and force-commutated current source converters. 

e In voltage source converters, the dc bus voltage polarity does not reverse, 
therefore the dc voltage across the switches remains of the same polarity. The 
dc current through the switches however can reverse instantaneously: the 
switches are therefore of the bi-directional current, unidirectional voltage 
blocking capability, IGBTs and asymmetrical GTOs have this feature. 
Furthermore, in the general case, voltage source converters require force- 
commutated switches. The power circuit configuration is given in Figure 2.7 
(c) for converters using self-commutated switches. 

Circuits and sources connected on the dc side can be of various types: 

e A voltage source, typically a capacitor or an energy storage device such as 
batteries. 

e A current source, typically an inductor, which can be of the superconducting 
type to limit inductor losses. 

Alternatively, the dc bus can be supplied by another power converter, as in 
back to back structures. 


2.4.3 Converter power circuit configurations 


Combining the available types of power switches, taking into account the nature of 

the power conversion, and applying the rules of association, allows classification 

of converters. The following power circuits are common in three-phase power 
transmission applications: 

e Line commutated thyristor converters. They can operate either as rectifiers or 
inverters, depending upon output power requirements and control method, 
Figure 2.7 (a). Operation assumes that the ac side contains independent 
voltage sources, usually rotating machines, to define the amplitude and 
frequency of the ac bus and ensure commutation. 

e Self-commutated converters. They are typically based on GTOs or more 
recently IGBTs. Converters can be of the current or voltage source type and 
can operate as rectifiers or inverters, Figure 2.7 (b) and (c). Since the devices 
commutate independently of the ac side voltages, the converters can be 
connected to any ac bus, including buses containing only passive loads. The 
voltage source converter is particularly interesting as it can be used to produce 
an ac voltage of controllable magnitude and phase. If synchronized with the 
ac supply voltage, it can be viewed as a static synchronous generator, with 
features similar to those of the synchronous machine or of the synchronous 
condenser. The topology is therefore often referred to as a synchronous 
voltage source. 

Power converters can be configured for a number of applications, the most 
common being: 
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Static var compensators (STATCOM). The dc bus is a self-controlled 
capacitor, Figure 2.2 (a) and Figure 2.7 (c). The voltage of the dc bus is 
regulated through control of the power flowing into the capacitor. Losses in 
the converter and capacitor are provided by the ac source. The current source 
structure using a self-controlled dc link reactor can also be used for var 
compensation. However, inductor losses, design and control issues make this 
topology less attractive than the voltage source topology in var applications. 
The exception is the use of super conducting magnets for storage of energy on 
the dc bus (SMES system). Therefore, most compensators are based on the 
voltage source structure. 

HVDC transmission. The dc link allows decoupling of two ac systems. The 
system is based on thyristor converters for very high power applications, or 
more recently, force-commutated voltage source inverters for smaller 
installations. 

Combined shunt and series compensation systems. These are typically based 
on voltage source converters (UPFC). The series and shunt-connected 
converters, Figure 2.2 (c), share the same dc bus. Real power flow is usually 
controlled through the shunt side, reactive power flow can be controlled 
independently on the series and shunt sides. 


2.4.4 Power flow control 


Power flow through static power converter is controlled through the gating of 
switches and the dc bus load and parameters. There are two basic methods, 
illustrated with reference to current source rectifier structures, Figure 2.7 (a) and 
(b). In the discussion, the output power is varied by changing the dc output 
voltage, the dc current being assumed constant and regulated. The techniques are: 


Fundamental frequency control. Gating patterns have a single pulse per ac 
period, with pattern positioning, or delay angle control. All switches conduct 
during an equal time interval, 1/3 of a period for a three-phase thyristor 
rectifier. The current reflected onto the ac side has a fixed waveshape: it has a 
constant fundamental component and a fixed harmonic content, Figure 2.8 
(a). The apparent power is therefore constant. Power can only be controlled 
by phase-shifting the current by means of the position of the gating pulses. 
Therefore, as the output power decreases, the phase angle of the fundamental 
component of the ac current increases, and the power factor decreases. The 
thyristor rectifier behaves as a reactive load, with a lagging power factor. 
Current must lag the voltage to permit line commutation. In force- 
commutated rectifiers, current can be either leading or lagging. 

Pulse width modulation (PWM) control. Notches are introduced in the gating 
patterns, Figure 2.8 (b). This requires force-commutated or self-commutated 
devices. The fundamental component of the ac current can be reduced by 
notching, thus decreasing the output power. The phase of the ac current can 
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be set arbitrarily, and unity power factor operation is possible. AC current 
amplitude control can be combined with pattern phase shifting. 

These general principles also apply to ac controllers, and voltage source 
converters. Operation in voltage source converters is the dual of that of current 
source converters. Power control is achieved by phase shifting the voltage pattern 
or by controlling the amplitude of the converter ac output voltage, or a 
combination of the two. 
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Figure 2.8 Static power converter output waveforms. AC line current for current 
source converter (ac line voltage for voltage source converter). (a) Waveforms for 
single pulse patterns and pulse width modulation (SHE) patterns (5th and 7th 
harmonic elimination). (b) Harmonic spectrum for single pulse patterns and pulse 
width modulation (SHE) patterns. 
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2.4.5 Switch gating requirements 


The basic requirement of power converters in FACTS devices is the control of 
either the voltage or the current generated by the converter. Output patterns for 
current source and voltage source topologies are similar: by virtue of duality, 
current source inverter (CSI) current patterns are identical to the line to line 
voltage patterns of the voltage source inverter (VSI). Typical patterns are shown in 
Figure 2.8. 

However, the gating of a VSI is generally simpler than that of a CSI. This is 
the result of the bi-directional current capability of the switches in the VSI, which 
ensures that there always is a return path for the dc bus current; therefore, there are 
no restrictions on the gating pattern. In contrast, switches in the CSI are 
unidirectional current devices and therefore require complementary gating to 
satisfy the requirements for continuity of the dc bus current. When the line current 
is zero, a freewheeling path is provided for the dc bus current in the converter. 


2.5 AC controller-based structures 


2.5.1 Thyristor-controlled reactor 


The basic scheme for the thyristor-controlled reactor (TCR), Figure 2.5 (a), 
consists in an ac controller which varies the voltage applied to the inductor, 
therefore its apparent inductance as reflected onto the ac line [3,4]. It provides 
continuously controllable lagging vars. To cover leading vars, it is biased using 
fixed, or in most cases thyristor-switched capacitors (TSC), Figure 2.5 (b). The 
complete system forms a static var compensator (SVC). If a number of TSCs is 
used, the rating of the TCR can be reduced, the TCR allowing continuous control 
between two capacitive compensation levels. This limits the amount of lagging 
vars, however, compensators are mostly operated in the leading var mode. The 
injected vars can therefore be continuously adjusted from leading to lagging. 

Advantages of the system however include ruggedness, high efficiency, good 
dynamic performance, and a competitive cost. However, the var injection or 
voltage regulation capability of the TCR is limited by the value of the reactance 
and is therefore line voltage dependent. The same applies to the TSC. A major 
disadvantage over synchronous condensers is the injection into the line of large 
low frequency harmonic currents. The dominant components for a balanced three- 
phase system are the 5th and 7th components (300 and 420 Hz for a 60 Hz system) 
for the basic ac controller. Low order harmonics can be removed by paralleling 
units and using special transformer configurations. Harmonic currents can also be 
reduced by means of tuned LC filters. These however are costly and can cause 
voltage oscillations resulting from the added system resonant frequencies. 
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Performance could be enhanced and the harmonic content reduced by using 
force-commutated switches and ac chopper-type circuits. 


2.5.2 Thyristor-controlled series capacitor 


The dual of the TCR is the thyristor-controlled series capacitor (TCSC), Figure 
2.5 (c). It uses a thyristor-based ac controller to continuously adjust the apparent 
reactance inserted in series with the line [14]. The limiting modes of operation are 
the following: (a) a permanently open thyristor, corresponding to the full 
capacitive reactance; (b) a continuously gated thyristor, the equivalent reactance 
being approximately equal to the small inductive reactance. With the gating of the 
thyristor over only part of the cycle, that is vernier control, the equivalent 
reactance can be varied continuously from the full capacitive reactance to a small 
equivalent inductive reactance. 

Such units have been successfully tested in transmission systems. However, 
they have the same limitations as TCRs, including harmonic injection. 


2.5.3 Thyristor-controlled phase-shifting transformer 


The device, consisting of thyristor controlled phase-shifting transformers 
(TCPST), allows the control of the load angle between two buses in a transmission 
line. Voltage phase shift is varied by injection in series of a controlled amount of 
voltage in quadrature with the line voltage [15]. Mechanical switches in 
conventional phase shifters can be replaced by thyristors [16]. These can be gated 
over the complete cycle, that is integral cycle control, emulating mechanical 
switches. Alternatively, they can be controlled part of the cycle, as in ac 
controllers used in TCRs, giving continuously controllable phase angle regulation, 
Figure 2.5 (d). 

The advantage of integral cycle control is the absence of harmonics. However, 
a number of transformer windings or taps are needed to obtain the required steps 
and incremental control. 


2.5.4 Force-commutated ac controller structures 


An alternative to the thyristor-based ac controllers is the force-commutated ac 
controller [17]. The use of self-commutated switching devices allows gating the 
switches more than once per cycle. Arbitrary gating patterns can be implemented, 
particularly PWM patterns. Assuming the inductor current is sinusoidal, a pattern 
with constant duty cycle yields ac line side currents that only contain harmonics 
around the switching frequency and its multiples. This pattern is simple to 
implement and allows control of the equivalent inductance; therefore, the amount 
of vars absorbed can be varied from 0 to a maximum value. In order to reduce the 
distortion of injected currents, while keeping the switching frequency low, 
elementary modules are connected in parallel and gated so that harmonics are 
minimized. 
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However, compensators based on dc link topologies although more complex to 
control than ac controller based topologies, offer more flexibility. 


2.6 DC link converter topologies 


2.6.1 Current source based structures 


2.6.1.1 Operation of thyristor converters 


Thyristor rectifiers, Figure 2.7 (a), convert an ac voltage into dc. Typical 
waveforms are shown in Figure 2.9. The output voltage can be adjusted from a 
maximum positive value, corresponding to operation as a diode rectifier, to a 
maximum negative value, corresponding to an inverter operation. Inverter 
operation requires the presence of a dc source feeding power back into the ac 
supply. This energy can be transiently stored in inductors, particularly super 
conducting magnets (SMES) or supplied by an independent dc source (HVDC 
transmission). Since the thyristors can only be gated once per ac cycle, the output 
voltage E4 is controlled by delaying the turn-on instant by an angle a. The average 
value is given by: 

Ea = Eg. cos Q 
where E4 is the diode rectifier voltage, equal to 1.35 V, (line to line ac voltage) 
for a three-phase circuit. This relationship assumes continuous current on the dc 
side. The output voltage is equal to 0 for a = 90’, and power is also 0, both on the 
dc and ac sides, for any value of the dc bus current, assuming the converter has no 
losses. Inverter maximum voltage is limited by the thyristor commutation 
requirements. The maximum phase back angle B is usually of the order of 160°. 
The converter operates in two quadrants of the Ey-/4 plane, power reversal being 
obtained by voltage reversal. 

The dc side harmonics are of order (6n) and increase significantly as the delay 
angle moves towards 90°. 

The ac line current is a square wave with a 120° duty cycle per half cycle. The 
rms values of the fundamental J, and of the total current /, are proportional to the 
dc bus current J, and given by: 

ha = 0.78 Ig 

h= 0.82 Ig 

The line side current harmonics are large, with dominant 5th and 7th 
harmonics. In general, harmonics are of order (6n +1) and of amplitude 1/n, Figure 
2.8 (b). 

Real power is controlled directly by the delay angle. For a given dc bus current 
Ia, the apparent ac power S remains constant and independent of the delay angle œ 

P= E% la cos g 
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S= 43 h, Vi = Es la / 0.955 


The thyristor rectifier therefore behaves as an inductive load, with a cos ọ 
approximately equal to cosa. The power factor pf is lagging for all operating 


conditions: 


pf= P/S = 0.955 cos a = Pfiist Pfaisp 
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Figure 2.9 Thyristor rectifier waveforms with delay angle (a) control. Input ac 
voltage, output dc voltage and input line current. 


Reactive power absorbed 


Inverter Rectifier Power absorbed 


Figure 2.10 Power diagram of a thyristor rectifier. Delay angle (a) control and 
constant dc bus current. 
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The delay angle is responsible for the displacement power factor pfisp, line 
current harmonic distortion accounts for the distortion power factor Pfs. The 
power Q-P diagram, Figure 2.10, illustrates the operation of the rectifier as a 
function of the delay angle. Operation for most conditions absorbs a significant 
amount of reactive power, even for small delay angles. For an output voltage of 
0.87 Ea. (a = 30), the reactive power requirements are 0.56 p.u. (power factor of 
0.83). This reactive power is usually provided by harmonic filters. 


2.6.1.2 Operation as reactive compensator 


For a delay angle of 90°, the converter operates as a reactive power compensator. 
If an inductor is the load and is connected directly across the dc bus, only 
controlled amounts of reactive power are exchanged with the ac line and the 
converter operates as a var compensator. It only draws from the ac source the real 
power required to maintain the inductor current constant. This real power covers 
inductor and inverter losses. 

However, thyristor-based units can only provide lagging reactive power, since 
thyristors are line-commutated. This compensator therefore has limited 
applications. It has been used in special cases for power system damping, such as 
in SSR mitigation. 

The lagging reactive power limitation is removed when thyristors are either 
force-commutated, or replaced by self-commutated devices, such as GTOs, Figure 
2.7 (b). Leading ac currents can be produced and operation as a capacitive 
compensator is possible. In addition, the use of such devices also allows the 
implementation of PWM patterns. 

However, the converter requires an input capacitor to produce an input ac 
voltage source capable of supplying the instantaneous ac current ripple produced 
by the operation of the current source converter. An additional line reactor may be 
required for further filtering of the current ripple. This results in a resonant 
frequency being introduced in the system. Furthermore, in the standard control 
scheme, the current in the dc inductor is maintained constant at the rated value, 
resulting in steady state losses, even when the compensator supplies no reactive 
power. These losses, added to the converter losses, result in a system which is less 
efficient than alternative structures based on voltage source converters. 

Efforts to remove losses in the dc inductor have led to the development of 
compensators based on superconducting magnet energy storage devices (SMES). 
In addition to providing leading and lagging reactive power, SMES can also store 
a sufficient amount of energy that it can operate as a power source under transient 
operation [8]. Operation is then possible in all four quadrants of the Q-P plane, 
Figure 2.10. This real power can be used to support the power system under fault 
conditions and damp oscillations on the ac system. This technology however is 


complex and costly. The preferred compensator configuration is based on voltage 
source structures. 
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2.6.2 Synchronous voltage source structures 


2.6.2.1 Operation of self-commutated rectifiers 


Voltage source converters can be operated as rectifiers and inverters if 
synchronised with the ac system. The converter generates an ac voltage, Figure 
2.11. This voltage is the result of switching the dc bus voltage, assumed constant, 
so as to create an ac quantity. This process is illustrated in Figure 2.11 for an 
inverter in which the switches are gated once per ac cycle. 

Since the inverter reflects a voltage on the ac line side, an inductor or 
synchronous link must be used to couple it to the ac system, Figure 2.12. 
Therefore, such converter systems can be considered as synchronous voltage 
sources. Operation is similar to that of synchronous machines connected to an ac 
system [7,20,21]. 


Figure 2.11 AC voltage waveforms of a self commutated inverter, Figure 2.7 (c). 
Fundamental frequency gating. Constant dc bus voltage. 


The voltage reflected on the ac side of the converter depends upon the gating 
pattern of the switches and the dc bus voltage. Typical waveforms can be derived 
assuming the dc bus voltage is constant and switches are gated using a single 180° 
pulse per cycle, alternatively applied to the top and bottom switches. The gating of 
the switches in one leg must be complementary so that the voltage at the output of 
a leg is defined. The line to line waveforms at the output of the converter, Figure 
2.11, consist of pulses with a 120° width, and are similar to the current waveforms 
of a current source converter. Dominant harmonic components are the 5th and 7th. 
In general, harmonics are order (6n +1) and amplitude 1/n, Figure 2.8 (b). 
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Figure 2.12 Operation of a self-commutated synchronous rectifier. (a) Schematic 
diagram. (b) Equivalent circuit for fundamental frequency operation. (c) Phasor 
diagram for fundamental frequency operation. Leading power factor. (d) Equiva- 
lent circuit for switching frequency components. Line reactance and synchronous 
reactance are lumped. 


The current flowing into the ac supply and its waveform depend upon the link 
inductance. This inductance can be provided by the leakage reactance of the 
coupling transformer. The amplitude of harmonic currents injected into the ac 
supply can be significant. For example, for a typical 0.1 p.u. reactance at 
fundamental frequency, corresponding to 0.5 p.u. at the 5 p.u. frequency, the Sth 
current harmonic component has an amplitude of 0.4 p.u. for a 0.2 p.u. voltage 
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harmonic. This may be unacceptable and methods have to be applied to reduce 
voltage harmonic components, among others, multi-pulse and PWM techniques. 

Since voltage source converters are self-commutated, there is no restriction on 
the position of the converter current and voltage with respect to the ac line voltage. 
In the general case and assuming a power source on the dc side, the angle 5 
between the ac supply V, and the fundamental component of the converter ac 
output voltage Vi, can be set to any desired value, Figure 2.12 (c). This angle 
defines the amount of power flowing into or out of the ac supply and it is 
controlled by the phase shift between the ac supply and the gating pattern and the 
amplitude of the converter ac voltage. The converter is reversible and the power 
transfer, neglecting losses, is given by: 


where voltages are on a per phase quantities. In addition, the converter can be 
operated at leading or lagging power factor. The reactive power is given by: 


Q=3 ViVi, ~V, cos ô) 
X 
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Figure 2.13 Power diagram of a self-commutated ac/dc converter. AC side. 
Pattern angle and notch control. 


Operation is possible in all four quadrants of the Q-P plane, Figure 2.13. If the 
converter load angle is controlled, the power factor is defined by the amount of 
power flowing through the converter. A leading power factor case is illustrated in 
Figure 2.12. Operation of the converter is similar to that of a synchronous 
machine. Equivalent over and under excitation modes are defined by the 
magnitude of the converter ac voltage. 
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Voltage and current source converters can be considered dual in terms of 
waveforms. However, current source rectifiers are buck converters. The dc bus 
voltage is controllable from 0 to a theoretical value equal to the diode rectifier 
voltage. Voltage source rectifiers, on the other hand, are in general operated as 
boost rectifiers, particularly in the PWM mode. 


2.6.2.2 Operation as a shunt reactive compensator 


For operation as a reactive compensator, no energy storage is required on the de 
side. The structure of the Static Compensator (STATCOM), is given in Figure 
2.14 (a). A capacitor is used on the dc side to define the dc bus voltage and absorb 
the dc ripple current. The value of the capacitance is not related to the amount of 
vars produced as in TSCs. If a battery bank is used on the dc side, energy can be 
stored and supplied to the ac system on a transient basis [18]. This structure is then 
the dual of an SMES. 
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Figure 2.14 Static var compensator based on the principle of synchronous voltage 
sources. (a) Power circuit configuration based on a voltage source converter. 
(b) Operation with leading and lagging var injection. 


98 Flexible ac transmission systems 


As in a static synchronous condenser, the current injected into the ac supply is 
controlled by the magnitude of the reflected voltage, Figure 2.14 (b). The angle 5 
between the supply and converter voltages is 0, assuming a lossless operation. A 
voltage larger that the ac supply results in injected vars (leading or capacitive); the 
converse, or lagging reactive power, occurs if the voltage is smaller. The dc bus 
voltage is controlled by charging or discharging the capacitor through 6 angle 
control. It is independent of the line voltage. The steady state operation of the 
compensator is therefore independent of the line conditions, contrary to a TCR- 
TSC compensator. 

The converter operates as a reactive power source, and in steady state does not 
supply or absorb real power. Losses however must be compensated if the capacitor 
voltage is kept constant. These can be provided form the ac supply for a self- 
controlled de bus. This is the preferred solution. In this case an additional dc 
capacitor voltage control loop must be used. A small amount of real power flows 
into the converter to cover losses and the angle 5 has a small value. 

Losses in voltage source converters are lower than for current source 
structures. However, particular attention must be paid to the risk of dc short 
circuits, when both switches in a leg conduct. There is also the requirement for dc 
output short circuit protection. Current source structures are more rugged: the 
short circuit current is limited, the dc bus being a current source. 

Energy storage devices, such as battery banks can be incorporated into the 
units. This allows the absorption and generation of real power, Pres, which can be 
used for power system damping and voltage support under fault conditions, Figure 
2.2 (c). 

The shunt connection has long been the preferred connection: one end of the 
compensator can be connected to ground and the fault currents do not flow 
through it. 


2.6.3 Other compensator structures 


The series connection, the Static Synchronous Series Compensator (SSSC), Figure 
2.2 (b), offers a number of advantages over passive series compensation at a cost 
that is becoming competitive in demanding applications [10,13]. The inverter is 
similar to that of a STATCOM. It is usually connected to the ac system by means 
of a transformer. 

The combination of series and shunt connected converters, connected to a 
common de bus, the UPFC, Figure 2.2 (c) has the advantages of both the series 
and the shunt configuration and adds another degree of control. Reactive power 
can be independently set on the series and shunt sides, and the real power flowing 
through the intermediate dc bus is fully controlled. The dc bus voltage is usually 
set by the shunt side converter. 

In addition to its operation as a var compensator, this scheme can be used as a 
phase shifter. It also offers the possibility of injecting real power into the system 
and of modifying the apparent resistance of the line. This can be used to improve 
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the power transmission system characteristics, including the possibility of 
increasing the X/R ratio. 

Although the dc bus on the combined series-shunt compensator can be either 
of the voltage or current source type, most of the structures that are investigated 
are based on the voltage source configuration. 


2.6.4 High voltage dc transmission 


Conventional HVDC systems are based on thyristor converters, Figure 2.15 (a). 
These converters can be separated by a few meters in back to back HVDC links or 
hundreds of km in HVDC transmission systems. Thyristor-based systems are still 
prevalent in very high power applications, in the multi-megawatt range. The 
sending end unit operates as a rectifier, the other as an inverter [2]. Power flow is 
usually controlled from the rectifier side, the inverter being operated close to the 
maximum permissible delay angle and defining the voltage. Advantages include 
very high efficiency and reliability. Disadvantages include large harmonic currents 
on the ac and dc sides: for a single 6-pulse converter station, ac current harmonics 
are of order (6n +1) and amplitude 1/n, and 6n on the dc side. Low order 
harmonics, typically Sth and 7th can be eliminated by means of transformers in the 
typical 12-pulse connection. Alternatively, harmonic filters can be used. 


(b) 


Figure 2.15 HVDC power conversion. (a) Back to back thyristor rectifier/inverter 
system. (b) Self-commutated voltage source inverter based system. 


Experience has shown that operation of thyristor rectifiers and inverters is 
affected by weak ac systems. Thyristor commutation failures may occur if the ac 
voltage across the inverter is distorted or there are voltage sags. In particular, 
implementation of multi-terminal systems is impaired when taps are connected to 
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weak ac systems or faults occur on the ac side, due to problems associated with 
line commutation. Commutation failure may affect the operation of the complete 
dc transmission system. Self-commutated switches do not have the limitations of 
thyristors and can therefore replace thyristors in current source topologies. 

With the availability of large self-commutated switching power devices, 
mainly GTOs and more recently IGBTs, the trend has therefore been to propose 
and implement HVDC systems based on self-commutated converters [12]. 
However, voltage source topologies are preferred in HVDC applications, as in the 
STATCOM and the UPFC, Figure 2.15 (b). Operation of the rectifier is illustrated 
in Figure 2.12. Power and voltage levels however have not so far reached those of 
thyristor technologies. 

Advantages include better harmonic and power factor control and improved 
control capabilities. In particular, the possibility of operating the converters at 
unity power factor removes the need to supply large amounts of reactive power as 
required in thyristor converters. In addition, since the converters are self- 
commutated, proper operation is maintained under ac system fault conditions. 
Furthermore, these HVDC systems can supply loads having no voltage sources, 
that is no significant rotating machine load, to define the ac bus. Examples include 
remote loads. Additional functions, such as voltage regulation and power system 
damping, can be incorporated into the operating features of the self-commutated 
HVDC systems. 


2.7 Converter output and harmonic control 


2.7.1 Converter switching 


The main gating schemes include fundamental frequency gating and pulse width 
modulation (PWM) techniques. The following discussion refers to voltage source 
structures. Conclusions can be extended to current source structures. 

If each switch in a converter leg is gated for half the ac supply period, the ac 
voltage is a square wave voltage, Figure 2.11. This is the conventional means of 
controlling large static synchronous condensers, Figure 2.14. An important 
advantage is that this method leads to the lowest switching losses and therefore the 
highest efficiency. Low switching frequencies are essential if converter efficiency 
is be kept very high. Thyristor-based converters typically have an efficiency of 98 
% or higher, and force commutated converters should attempt to approach this 
value. If higher switching frequencies are needed, techniques can be devised to 
switch the devices under zero voltage or zero current conditions, thus reducing 
switching losses. 

In fundamental frequency switching, the pattern is fixed and the fundamental 
or desired component of the ac voltage depends upon the dc bus voltage. 
Furthermore, the harmonic content of the output voltage of a single three-phase 
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converter is large, resulting in large injected harmonic currents. Methods to reduce 
the harmonic content include passive L-C filters, multi-pulse structures and PWM 
techniques. A combination of the above techniques is also possible. 

If the self-commutated devices can be switched at frequencies higher than line 
frequency, pulse width modulation techniques can be used, Figure 2.8. These 


techniques allow control of the amplitude of the fundamental and harmonics of the 
pattern. 


2.7.2 Principles of harmonic mitigation 


2.7.2.1 Harmonic filters 


The drawback of static power converters is the generation of harmonics, 
particularly harmonic currents, since they flow into the ac system. These currents 
produce harmonic voltage drops and subsequently voltage distortion in the ac 
system. Voltage distortion can perturb operation of loads and other equipment 
connected to the ac system. In addition to low frequency harmonics, converters 
also produce high frequency interference that may affect control and 
communication equipment. In this respect, force-commutated converters pose 
more problems than line commutated thyristor converters. 
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Figure 2.16 Typical passive harmonic filters for rectifiers. Tuned and wide band 
filters for 6 pulse thyristor rectifiers. 


The simplest way to deal with current harmonics generated by converters is to 
reduce or eliminate them using passive LC filters [1]. Conventional low pass 
series—parallel LC filters, tuned to low frequencies and designed to eliminate low 
frequency components, tend to be large. Therefore, notch or tuned series LC 
filters, connected in shunt, are used for components such as the 5th and 7th, 11th 
and 13th. A number of components can be combined if a wideband LCR filter is 
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used, a common solution at higher frequencies. A typical installation for a 6-pulse 
thyristor converter is illustrated in Figure 2.16. 

For force-commutated current source rectifiers, an LC input filter is used. For 
voltage source converters, the link reactance and transformer act as a first order 
harmonic current filter. The total inductance must be chosen to meet the allowed 
current harmonic distortion. An additional LC filter may have to be used to further 
reduce the harmonic components. This can be a tuned shunt LC filter set to the 
converter switching frequency. 


2.7.2.2 Phase shifting transformers 


In order to increase the power rating of the compensator to power system levels, 
typically 100 MVAR or more, available power switching devices must be 
combined in series and in parallel. However, advantage can be gained by 
combining converter units rather than individual devices: these units are 
associated in a way to minimize harmonic injection while maintaining low 


switching losses. 


0e 


Figure 2.17 Association of rectifiers for harmonic mitigation. 12-pulse operation 
for a series connection. 


The simplest method of cancelling harmonics in a system of converters is by 
means of coupling transformers. This technique is widely applied in thyristor 
rectifiers and inverters. It consists in using n transformers with primary or 
secondary windings phase shifted by 60°/n . The more widely used is the 12-pulse 
connection, with one delta connected and one wye connected secondary winding, 
resulting in a voltage phase shift of 30° between transformer secondaries, Figure 
2.17. The primary side consists in either one or 2 wye or delta connected sets of 
windings. The transformer phase shift results in the elimination of the 5th and 7th 
current harmonics on the primary side, and the 6th voltage harmonic on the dc side 
of the rectifier. The elimination can be viewed as the cancellation of harmonic 
mmfs in the transformer. Although Sth and 7th harmonic current components 
circulate in the transformer secondary windings, they are not reflected onto the 
primary side. The process of harmonic elimination leads to multi-stepped current 
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waveforms on the line side of the converter system. Other connections are 
possible, namely 18 pulse or higher. 
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Figure 2.18 Multi-pulse compensator - voltage source topology (STATCOM). 

(a) Structure of the multi-pulse system, with phase shifting transformers. 

(b) Converter output voltage waveform (24 pulse, n = 4, dominant harmonics at 
the 23rd and 25th). 


The principle of harmonic cancellation by means of phase shifting 
transformers also applies to synchronous voltage source converters. The output of 
individual 3-phase converters is added together by means of a magnetic interface 
circuit. In its simplest form, this interface consists of n secondary windings with a 
phase shift of 60°/n, Figure 2.18 (b). The voltage patterns of individual converters 
are phase shifted by an equivalent angle [21]. The combination of these phase 
shifts results in the elimination of harmonics and the generation of multi-stepped 
voltage waveforms that more closely approximate a sinusoidal voltage. 


2.7.2.3 Multi-level structures 


In addition multi-module structures, multi-stepped voltage waveforms can be 
obtained also using multi-level converters. By splitting the dc bus capacitor, 
Figure 2.19 (a), it is possible to generate a stepped voltage similar to that in Figure 
2.18 (b). A number of topologies are available among which is the Diode Clamped 
Capacitor Multilevel Inverter (DCMLI), Figure 2.19 (b) [22,23]. Typically 3 to 7 
level converters have been investigated. 
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Figure 2.19 Multi-level compensator - voltage source topology (STATCOM). 
(a) General three-phase structure. (b) Power circuit for one-leg of a 4-level diode 
clamped converter. 


In high power applications, three level converters have been applied. Contrary 
to the conventional or two level bridge converter, three level converters allow the 
control of the amplitude of the ac voltage with a fixed dc capacitor voltage. 

The number of levels can be chosen to satisfy the waveform distortion and 
output voltage level requirements [23]. 

In addition to providing flexibility in the control of the fundamental and 
harmonic components, these structures allow the increase of the voltage and 
current rating to levels required for transmission systems. If voltage ratings are 
sufficient, they also provide the option of removing the coupling transformer used 
for voltage matching, which may reduce the cost of the installation [22]. 


2.7.2.4 PWM techniques 


An alternative method of eliminating harmonics is by pulse width modulation 
(PWM). Adding notches in the voltage or current pattern modifies the harmonic 
content of the waveform and therefore allows control over the amplitude of the 
harmonic components. The harmonic components of a typical pattern depend upon 
the position, width, and number of notches. Typically, one notch per quarter cycle 
allows the control and therefore the removal of one harmonic component. This 
principle is used in the technique known as selective harmonic elimination (SHE). 
Implementation of the technique however requires computations: the equations for 
the angles defining the position of the pulses are transcendental and must be 
solved by iteration. Solutions are usually obtained off-line and stored, for example 
in table format. 


Power electronics: fundamentals 105 


If the allowable switching frequency can be increased, typically to 1 kHz or 
higher, various modulation techniques can be used that naturally remove or 
minimize unwanted harmonic components [24,25]. The techniques apply to both 
current and voltage source converters. 


2.7.3 Output control 


2.7.3.1 Principles of PWM 


In order to vary the fundamental component of the output voltage for a fixed dc 
bus voltage, Pulse Width Modulation (PWM) is used. The technique is discussed 
in reference to voltage source converter structures. However, it is applicable to 
current source converters. 

The principles of pulse width modulation are illustrated in Figure 2.20 (a) for 
sinusoidal PWM technique based on carrier comparison. The modulation 
technique consists in converting the reference or desired waveform, the voltage 
reference in a voltage source converter, into a digital signal corresponding to the 
gating pattern of one or more switches. Digitizing the reference is carried out in 
sine PWM by intersecting the reference with a carrier, typically a triangular 
carrier. The spectrum of the pattern thus created contains the desired or 
fundamental component, proportional to the reference, and unwanted components 
or harmonics, Figure 2.20 (b). 

The fundamental component of the output voltage is proportional to the 
reference voltage. The voltage gain of the modulation technique is therefore 
constant. The maximum voltage in PWM mode is less than the voltage obtained 
for the single pulse pattern, due to the presence of notches that control the 
harmonic content. It is equal to 0.67 Ea (rms line to line voltage), compared to 
0.78 Ea for the square wave pattern. Operation of the PWM modulator can be 
extended to a square wave voltage by gradually dropping pulses in the centre of 
the pattern. This occurs naturally in sine PWM by increasing the amplitude of the 
reference above the amplitude of the triangular carrier. 

If the carrier frequency f, is sufficiently high compared to the reference 
frequency fo the first harmonic components are around the switching frequency, fs 
+ pf,. Low frequency harmonics are therefore absent. The current harmonics 
injected into the ac supply are filtered by the link reactance. It is therefore 
desirable to switch at the highest possible switching frequency in order to reduce 
the current harmonics. 


2.7.3.2 Features of PWM techniques 


Many PWM techniques have been developed in addition to sine PWM. Several of 
them are applicable to high power converters, with some modifications or 
designed for particular configurations. 


106 Flexible ac transmission systems 


Triangular carrier 


A AAA YANN 
rai Vy AY 


Reference waveform 


Phase voltage 


ele | 
HU | PU UULE 


nnn e 
LLL 
i 


0 l 4 8 12 16 ms 


(a) 


Fundamental 
fo 


Harmonic spectrum 
Switching 
frequency 
fs 2, 
3f, 4, 5f, 
0 1.0 2.0 3.0 4.0 5.0 kHz 
(b) 


Figure 2.20 Principles of PWM voltage control. Sinusoidal PWM (SPWM) for 
Modulation Index M = 1 and switching frequency f= 15 p.u. (a) Carrier and 
modulating signals, switching function and line to capacitor centre-tap voltage, 
Line to Line voltage. (b) Line to Line voltage frequency spectrum. 


Selective harmonic elimination (SHE) can be used for voltage control if a 
notch is added to define the amplitude of the first harmonic, that is the 
fundamental component. The technique offers complete control over harmonics 
since it can be designed to cancel specific components. Therefore, it minimizes 
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switching frequency for a given harmonic content. It has also been used in current 

source structures, such as SMES systems. 

Carrier PWM, the most common being the sine PWM (SPWM), have been 
shown to be effective in multi-module converter systems, even at low switching 
frequencies [26]. Carrier techniques are simple to implement both in analog and 
digital systems. However, there usually is one modulator per converter leg: this 
leads to redundant switching in a three-phase system. Since the sum of the 
voltages in a three-phase system must add up to zero, not all three legs can be 
controlled simultaneously. l 

Other techniques, such as Space vector modulation (SVM), generate patterns 
on a three-phase basis, resulting in a reduced switching frequency for a given 
dominant harmonic frequency. Low frequency SVM techniques can also be 
adapted to multi-module converter systems [27]. 

For high power applications, criteria for selecting an appropriate PWM pattern 
generation scheme can be summarised in terms of specific requirements: 

e Instantaneous on-line control. SPWM and SVM allow instantaneous control 
of the inverter output voltage; patterns generated by a SHE algorithm are 
generally stored in a table or the equivalent. This results in a slower dynamic 
response. 

e Harmonic minimization. Direct, selectives, and precise harmonic elimination 
can only be obtained with the SHE techniques. Other patterns rely on the fact 
that the dominant harmonics are related to the switching frequency and its 
multiples. The switching frequency is equal to the carrier frequency for 
SPWM, as shown in Figure 2.20, or to 2/3 of the cycle time for SVM. The 
amplitude of harmonic components depends upon the implementation of 
specific techniques. In SVM in particular, there are a number of techniques 
for producing the gating patterns, each having a different harmonic content. 

e Maximum inverter output in the controllable range. Patterns that are 
generated on a three-phase basis (SVM and SHE) maximize the output 
voltage for a given dc bus voltage, that is the ac gain. In SPWM, patterns are 
usually produced on a per leg basis, and the redundant switching results in a 
reduction in the output voltage. However, this value can be increased by 
injecting a third harmonic component in the modulating reference voltage. 


2.7.3.3 Output voltage and current control 


The fundamental component of the output voltage of the inverter, V; (line to line 
peak), can be controlled, either by changing the dc bus voltage Ey or the PWM 
pattern, through modulation index control, M: 


Vii = Kau M Ea 


where K,, is the gain of the converter, which depends upon the PWM technique. 
For a three-phase inverter, the gain K,, varies between 0.86 for SPWM, and 1.03 
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for SHE, SPWM with third harmonic injection and SVM. The dynamic 

performance of a static power converter system depends largely on the control 

technique chosen: 

e DC bus voltage control. If no PWM or only a fixed SHE pattern designed for 
harmonic elimination are used, output voltage control is obtained by varying 
the dc bus capacitor voltage Ey. This is achieved by charging or discharging 
the dc capacitor, through ô angle control. This may result in a slow response. 
The dynamic response depends upon the dc capacitor value, the dc voltage 
and the ac inductor [28]. 

e PWM pattern control. If the PWM pattern is varied to produce a variable 
voltage from the fixed dc bus voltage, response can be very fast, in the order 
of the switching period. Instantaneous control of the injected current can then 
be implemented through a current control loop. The response is much faster 
than with conventional TCRs. 


2.7.4 Multi-stepped converters 


2.7.4.1 Multi-module structures 


Rather than increasing the frequency of the PWM pattern to reduce the harmonic 
content of the output voltage, a number of units can be connected in parallel 
through a magnetic interface circuit, Figure 2.18. Voltage distortion is reduced by 
harmonic cancellation or minimization. Some multi-pulse structures use PWM. If 
no PWM is used, output voltage control must be implemented by dc capacitor 
voltage control. 

In general, harmonic cancellation is achieved by phase shifting the harmonic 
components to be cancelled so that, when the output voltages of individual units 
are added, these components cancel. This can be obtained by using phase shifting 
transformers. Alternatively, patterns with phase-shifted harmonics are generated. 

One simple technique is to use a phase-shifted carrier, Figure 2.21 (a). For n 
converters, each carrier is shifted horizontally by T/n, where T is the period of the 
fundamental reference wave, the line frequency ina STATCOM. The harmonic 
components produced by each unit are phase shifted and, when voltages are 
added, cancel if the switching frequency is much higher than the fundamental 
frequency [26]. The fundamental voltages are in phase if the modulating 
waveform is common to all converters and the switching frequency high. In the 
example of Figure 2.21 (b), individual converters have harmonic components 
around the 9th and multiples. The combined output of 4 units however, Figure 
2.21 (e), only contains dominant components around the 36th and multiples. These 
techniques however only provide harmonic minimization for low switching 
frequencies. Transformer configurations are similar to that of Figure 2.18, but no 
phase shift is required and standard transformers can be used. The principles of 
phase shifted carriers can be applied to force-commutated ac controllers [29]. 
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Figure 2.21 Multi-module pattern generation by carrier phase shifting. (a) SPWM 
with phase shifted carriers (8 carriers, with only 3 shown). (b) Output voltage of 
individual modules. (c) Harmonic spectrum (carrier to fundamental frequency = 
9). (d) Total output voltage. (e) Harmonic spectrum (4 units). 
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Figure 2.22 Multi-module compensator based on single-phase units. Voltage 
source topology. (a) Three-phase structure. (b) Multi-module single phase 
converter, series connection, one leg. (c) Circuit topology of each unit. 
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2.7.4.2 Multi-level structures 


PWM techniques can be applied to multi-level converters. Carrier techniques can 
be implemented, with one modulator for each converter level. Carriers are then 
shifted horizontally. Alternatively, space vector modulation can be adapted for 
low switching frequencies. 


2.7.4.3 Single phase structures 


The structures presented above are based on three-phase converter units. This is 
the natural choice for three phase systems. However, implementations based on 
single-phase converters of the voltage source type have been proposed, Figure 
2.22 [30]. Contrary to the three-phase, the output voltage of a single-phase 
converter operating at fundamental frequency can be controlled by shifting the 
patterns of the 2 legs. Individually controlled single-phase units are then 
assembled to form a three-phase converter. Such structures are suitable for series 
or shunt configurations [31]. 

Advantages of single-phase structures include: (a) modularity and ease of 
expansion, obtained by stacking units, particularly to meet voltage ratings; (b) 
control flexibility, since control is implemented on a per phase basis and 
unbalances are more easily handled. Output voltage waveforms are similar to that 
of Figure 2.18 for a single pulse operation. PWM can also be used to control the 
voltage and the harmonic content. 


2.8 Power converter control issues 


2.8.1 General control requirements 


Control of a static power compensator is carried out at a number of levels, from 

the local to the system levels: 

e Power switch gating. The switch gating characteristics define the gate drive 
required. Typically, with thyristors and IGBTs, gate power requirements are 
low. GTOs however require special gate drive circuits to provide the short 
duration high current pulse required for turn-off. Gating signals must be 
isolated. Transformers or fiber optic systems are usually employed. 

e Gating pulse or pattern generation. Gating patterns are generated by the 
modulator, which translates a reference into pulses. Single pulse or PWM 
gating is used. 

e Line synchronization. Compensators are connected to the ac system and must 
therefore be synchronized with the line voltage. 

e Voltage or current control. Voltage or current references are generated by the 
compensator control circuit. Open or closed loop operation is possible. 
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e Supplementary functions. These include reactive power control and damping 
of power system oscillations. 

It should be noted that static power converters dynamic response is usually 
limited only by delays associated with the allowable gating instants. For example, 
in three-phase converters using single pulse gating, delays are of the order 1/6th of 
an ac period on the dc side. These delays, or transportation lags, are significantly 
reduced in force-commutated converters. Transportation delays associated with 
the converter operation are therefore small in comparison with the response 
required from the converter system. The overall compensator response however 
depends upon the configuration of the system, namely the control approach, the 
passive components, such as inductor and capacitor, and the power system. 


2.8.2 Line synchronization 


Since the voltage and current injected into the ac supply must be in a properly 
defined angular position, converter gating must be synchronized with the ac 
supply. A number of options are available, among which: 

e Phase locked loops, the conventional means of synchronising converters in 
HVDC and static var compensators [32]. Advantages of the scheme include: 
accurate phase information, even with distorted ac system voltage waveforms, 
presence of the synchronisation signal for short time interruptions of the ac 
voltages, for example under fault conditions. Disadvantages include slow 
response. 

e Zero voltage crossing detection. The method is fast and accurate, but may be 
difficult to implement with distorted ac waveforms. 


2.8.3 Voltage and current control 


The voltage and current injected into the ac supply are dictated by the function of 

the compensator. If closed loop control is used, the inner loop is a current loop for 

a shunt compensator, or a voltage loop for a series compensator. Accurate tracking 

of the current reference requires PWM techniques operating at a reasonable 

switching frequency. A number of control options are available, among which: 

e Control of rms or instantaneous values in the stationary abc frame. 

e Control of rms values or instantaneous values in the rotating dq frame. This 
technique requires a calculator or processor to implement the axis 
transformation. Advantages include the natural separation of current, and in 
general power, into real and reactive components. 


2.8.4 Supplementary controls 


These include: 
e Var control. 
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e Impedance control. In addition to emulating a reactance, there is the 
possibility of emulating specified values of R and X in series compensators. In 
particular, with a UPFC, negative resistances can be introduced into the ac 
transmission lines to cancel line resistance. 

e Power system damping. This includes injection of real power, using either 
STATCOM and SMES units, or UPFC systems to damp power system 
oscillations. 


2.8.5 Operation under non-ideal conditions 


Operation of FACTS devices based on static power converters must take into 
account the following practical constraints present in real systems: 
e Unbalances in the gating of the power switches, resulting in additional 
harmonics being injected into the system. 
AC system unbalanced voltages. 
AC system resonances. 
AC voltage distortion, including the presence of 5th harmonic components. 

In addition, dc link topologies do not offer the same flexibility as ac controller 
structures: gating is usually done on a three-phase basis, whereas devices such as 
the TCR can be controlled on a per phase basis. It is nonetheless possible to 
unbalance the gating of three-phase converters to maintain for example balanced 
compensator currents. This however leads to increased ripple on the dc bus and 
may require increasing the value and rating of some components, such as the dc 
capacitor and ac inductor. 


2.9 Summary 


Advantages of incorporating power electronics in FACTS controllers include 
unlimited life, fast response, and continuous control and repeatability of the 
output. In addition, unlike systems based on passive components, static 
compensators do not introduce potentially damaging resonant frequencies. Power 
electronic converters are therefore becoming essential to the implementation of 
most FACTS devices. 

The main drawbacks are losses, resulting in additional initial and operating 
costs, harmonic distortion, and capital costs associated with power semiconductor 
devices. 

Although many devices at this time use structures incorporating thyristors, 
force-commutated structures offer greater flexibility, in terms of output control, 
speed of response, harmonic minimisation, and implementation of complex 
control features. A UPFC is an example of the flexibility provided by back to back 
voltage sources: in addition to the degrees of freedom available for the control of 
system performance, it can process real power. Similarly, shunt devices have the 
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capability of injecting real power to support the power system under fault 
conditions, if equipped with energy storage devices. 

Implementation of static power compensators based on force-commutated 
semiconductor switches should become more attractive as the power handling 
capability of power devices increases, and methods are developed to enhance 
reliability, reduce losses, minimize harmonic injection and improve control 
algorithms. A number of prototype units of the newer static compensator systems 
have demonstrated their potential. 
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Chapter 3 


High voltage dc transmission technology 


J. Arrillaga 


3.1 Introduction 


The invention of the high voltage mercury valve half a century ago paved the way 
for the development of the HVdc transmission technology. By 1954, the first 
commercial de link came successfully into operation and was soon followed by 
several other schemes orders of magnitude larger. The success of the new 
technology immediately triggered research and development into an alternative 
solid state valve, which by the mid-60s had already displaced the use of mercury- 
arc valves in new schemes. The history and technical development of the HVdc 
technology are described in detail in references [1—6]. 

Substantial progress made in the ratings and reliability of thyristor valves has 
increased the competitiveness of dc schemes by reducing converter costs and 
break-even transmission distances. 

However, the lack of turn-off capability of the thyristor device is an important 
restriction in terms of reactive power requirement and its control. This limitation 
has encouraged the development of more controllable power electronic devices, 
such as GTOs and IGBTs, though at the point of writing, these have not yet 
challenged the thyristor for HVdc schemes of large power ratings [7]. On the 
other hand, the ratings of the new devices has permitted the development of the 
FACTS technology, the subject of this book, to provide solutions to specific 
problems at a lower cost than HVdc. 

The inclusion of dc transmission in this book seems to be a contradiction in 
terms, as often HVdc and FACTS are perceived as competing technologies. The 
problem arises from a rather restrictive interpretation of the word ‘transmission’, 
which often implies long distance, whereas a large proportion of the existing dc 
links are ‘zero distance’ interconnectors. 

The present boundaries between HVdc and FACTS relate to the types of solid 
state devices (which in the HVdc case are at present restricted to the silicon- 
controlled rectifier) and to the power rating of the schemes. However, as the 
rating and acceptability of alternative solid state devices improve, the boundaries 
will gradually become ‘blurred’. HVdc will be tempted to use the new devices 
and FACTS will try and influence power controllability more directly, e.g. by 
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developing the full power asynchronous interconnector, i.e. back-to-back HVdc 
link. Therefore, the back-to-back link may also be considered as a FACTS device 
and this is the HVdc application emphasised in the present chapter. 


3.2 Ac versus dc interconnection 


Below the break-even distances, it is generally preferable to use synchronous (ac) 
power transmission to interconnect two otherwise independent systems or regions. 
However, some critical requirements must be met to justify the use of synchronous 
interconnections[8], among them: 

e The link must have enough capacity to maintain the interconnection power 
flow at schedule levels and to rapidly restore such levels following 
disturbances. 

e The existence or creation of load dispatch centres with reliable and fast 
communication facilities. 

e The capability of each interconnected system to maintain and control a 
normal frequency and thus maintain adequate short term and long term 
spinning reserves. 

However, the separate regions in many countries face shortages of power 
especially during the peak hours when the grid frequency remains very low 
(maintaining spinning reserve is not possible). It is therefore very difficult in such 
cases to interconnect the regions in the synchronous mode. 

For asynchronous interconnection, there are two options — one is through 
HVdc transmission and the other through an HVdc back-to-back station. The 
HVdc transmission option is economically viable only when the distance involved 
is long and the amount of energy to be transferred large. For transfer of surplus 
power available in one region for a limited period of time, and also to support each 
other in emergencies, HVdc back-to-back is usually the better choice. 


3.3 The HVdc converter[5] 


To achieve instantaneous matching of the ac and dc side voltages of the 
conversion process, Figure 3.1, enough series impedance must be placed either on 
the ac side or dc side of the converter. The former solution yields predominantly 
voltage source conversion, with the possibility of altering the dc current by 
thyristor control. If a large smoothing inductor is placed on the dc side, only 
pulses of a constant direct current flow through the switching devices into the 
transformer secondary windings. These current pulses are then transferred to the 
primary side according to transformer connection and ratio; thus a basic current 
converter results, with the possibility of adjusting the direct voltage by thyristor 
control. 
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(a) 


Vac 


—- 
Figure 3.1 Ac/dc voltage conversion. 


The use of voltage conversion was rejected in mercury-arc converters due to 
the impossibility of recovering from arc-back disturbances. With thyristor 
schemes, rapid changes in the supply voltage can only be accommodated within 
narrow limits and require the use of large series impedances, which would be 
uneconomical in terms of reactive power compensation. Therefore, the current 
conversion principle is still the preferred option for the design of HVdc converters. 

In terms of optimal converter utilisation and low peak inverse voltage across 
the converter valves, the three-phase bridge (shown in Figure 3.2) is used 
exclusively in HVdc converters 


Convertor Convertor 6-pulse le 
busbars transformer bridge 

abe AC. circuit 
breaker (CB) 


A.C. isotating 
switches 


Figure 3.2 The basic three-phase bridge converter. 


With HVdc schemes only simple transformer connections are used. This is 
due to the problem of insulating the transformers so that they withstand the 
alternating voltages combined with the high direct voltages. A pulse number of 12 
is easily obtained with star/star and star/delta transformer connections in parallel 
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(as shown in Figure 3.3) and has become the standard configuration of HVdc 
converters. With this configuration, the “ideal” phase current is as shown in 
Figure 3.4; its lowest characteristic harmonic current component is the 11th and 
the filter costs are significantly reduced. 


Converter Converter 6-Pulse B.C. ting 
busbar transformers bridges 
c8 
Vth, 3th 
HP filters 
Electrode line 


Figure 3.3 12-pulse converter configuration. 


Figure 3.4 Idealised phase current waveform with 12-pulse operation. 


3.3.1 Rectifier operation 


Typical voltage and current waveforms of a bridge operating as a rectifier with the 
commutation effect included are shown in Figure 3.5, where P indicates a firing 
instant (e.g. P, is the firing instant of valve 1) S indicates the end of a 
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commutation (e.g. at S5 valve 5 stops conducting), and C is a voltage crossing 
(e.g. C; indicates the positive crossing between phases blue and red). 


R- 


Figure 3.5 Typical six-pulse rectifier operation. (a) Positive and negative direct 
voltages with respect to the transformer neutral. (b) Direct bridge voltage V4 and 


voltage across valve 1. (c),(d) Valve currents, i; to is. (e) AC line current of phase 
R. 


Figure 3.5(a) illustrates the positive (determined by the conduction of valves 1, 
3, 5) and negative (determined by the conduction of valves 2, 4, 6) potentials with 
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respect to the transformer neutral. Figure 3.5(b) shows the direct voltage output 
waveform. 

The potential across valve 1, also shown in Figure 3.5(b), depends on the 
conducting valves. When valve 1 completes the commutation to valve 3 (at S1), 
the voltage across will follow the red-yellow potential difference until P4. 
Between P4 and S2 the commutation from valve 2 to valve 4 (see Figure 3.5(a)) 
reduces the negative potential of phase red and causes the first voltage dent. The 
firing of valve 5 (at P5) increases the potential of the common cathode to the 
average of phases yellow and blue; this causes a second commutation dent, at the 
end of which (at S3) the common cathode follows the potential of phase blue (due 
to the conduction of valve 5). Finally, the commutation from valve 4 to valve 6 
(between P6 and S4) increases the negative potential of valve 1 anode and 
produces another voltage dent. 

Figures 3.5(c) and (d) illustrate the individual valves (1 and 4) and Figure 
3.5(e) the phase (red) currents, respectively. 

A number of reasonable approximations are made to simplify the derivation of 
the steady state equations that follow. These are: 

The converter valves are treated as ideal switches. When calculating the power 
loss, the valve resistance can be added to that of the dc transmission line. 

The ac systems consist of perfectly balanced and sinusoidal emfs, the 
commutation reactances are equal in each phase and their resistive components are 
ignored. 

The direct current is constant and ripple-free, i.e. the presence of a very large 
smoothing reactor is assumed, 

Only two or three valves conduct simultaneously, i.e. two simultaneous 
commutations are not considered. The low ac voltage and/or high dc current 
required to cause simultaneous commutations are prevented in the steady state; 
during disturbances, on the other hand, the converter behaviour can only be 
predicted by dynamic analysis. 

Under these assumptions, the following expressions apply to the rectification 
process: 


Va = (1/2)Vo[cos a+ cos (a + u)] (3.1) 
Vi = Vo cosa — x I (3.2) 
yV 
I,=—=—[cosa -cos(a +u 3.3 
d Jx.. (a +u) (3.3) 


The main effects of non-ideal ac voltage or dc current waveforms are discussed 
in section 3.6. 
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3.3.2 Inverter operation 


Three conditions must be met to achieve power inversion: 

e Availability of an active ac voltage source which provides the commutating 
voltage waveforms. 

e Provision of firing angle control to delay the commutations beyond 
a= 90°. 

e <A dc power source. 

With reference to Figure 3.6(a) and (c), a commutation from valve 1 to valve 3 
(at P3) is only possible as long as phase Y is positive with respect to phase R. 
Furthermore, the commutation must not only be completed before C6 but some 
extinction angle 4, (> %) must be left for valve 1, which has just stopped 
conducting, to re-establish its blocking ability. This puts a limit to the maximum 
angle of firing a = z-(u + w) for successful inverter operation. If this limit were 
exceeded, valve 1 would pick up the current again, causing a commutation failure. 

Moreover, there is a fundamental difference between rectifier and inverter 
operations, which prevent an optimal firing condition in the latter case. While the 
rectifier delay angle œ can be chosen accurately to satisfy a particular control 
constraint, the same is not possible with respect to angle y because of the 
uncertainty of the overlap angle u. Events taking place after the instant of firing 
are beyond predictability and, therefore the minimum extinction angle Yo must 
contain a margin of safety to cope with reasonable uncertainties (values between 
15° and 20° are typically used). 

The analysis of inverter operation is not different from that of rectification. 
However, for convenience, the inverter equations are often expressed in terms of 
the extinction angle y, i.e. 


Vi = Vo cosy -eI (3.4) 


3.3.3 Power factor active and reactive power [3 ] 


Owing to the firing delay and commutation angles, the converter current in each 
phase always lags its voltage (refer to Figures 3.5(e) and 3.6(e)). The rectifier 
therefore absorbs lagging current (consumes VARs). 

In the presence of perfect filters no distorting current flows beyond the filtering 
point, and the power factor is approximately the displacement factor (cos b) where 


$ is the phase angle difference between the fundamental frequency voltage and 
current components. 
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Figure 3.6 Typical six-pulse inverter operation. (a) Positive and negative direct 
voltages with respect to the transformer neutral. (b) Voltage across valve 1, and 
direct bridge voltage Va. (c),(d) Valve currents, i, to is. (e) AC line current of 
phase R. 
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Under these idealised conditions, with losses neglected, the active fundamental 
ac power (P) is the same as the dc power, ie 


P = V3V.I cos ġ = Vals (3.5) 
An approximate expression for the power factor is: 

cos ¢ = '/,[cos a+ cos (æ + u)} (3.6) 
The reactive power is often expressed in terms of the active power, i.e. 
Q=Ptan¢, (3.7) 
where tan ¢ is 


sin (2@+ 2u) — sin 2a - 2u 
tan ¢ = ——— (3.8) 
cos 2a— cos (2a + 2u) 


Referring to the ac voltage and valve currents waveforms in Figures 3.6(a) and 
(e), it is clear that the current supplied by the inverter to the ac system lags the 
positive half of the corresponding phase voltage waveform by more than 90°, or 
leads the negative half of the same voltage by less than 90°. It can either be said 
that the inverter ‘absorbs lagging current’ or ‘provides leading current’ both 
concepts indicating that the inverter, like the rectifier, acts as a sink of reactive 
power. 

Equations (3.5) to (3.8) show that the active and reactive powers of a 
controlled rectifier vary with the cosine and sine of the control angle, respectively. 
Thus, when operating on constant current, the reactive power demand at low 
powers (¢ = 90°) can be very high. 

However, the steady state operation in such conditions is prevented in HVdc 
converters by the addition of on-load transformer tap-changers, which try and 
reduce the control angle (or the extinction angle) to the minimum specified. 
Under such controlled conditions, the reactive power demand is approximately 
60% of the power transmitted at full load. 


3.4 HVdc system control 


3.4.1 Valve firing control 


Valve firings are implemented under the principle of equidistant firing control, the 
basis of which is a voltage-controlled oscillator [9] (shown in Figure 3.7) that 
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delivers a train of pulses at a frequency directly proportional to a dc control 
voltage Ve Based on this principle, a variety of control loops are currently used to 
provide the V, voltage. 
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Figure 3.7 Principle of the phase-locked oscillator control system. 


The phase of each firing pulse can have an arbitrary value relative to the ac line 
voltage, i.e. an arbitrary value of converter firing angle a. However, when the 
three-phase ac line voltages are symmetrical fundamental sine waves, œ is the 
same for each valve. 

Some method of phase-locking the oscillator to the ac system is required. This 
is normally achieved by connecting V, in a conventional negative feedback loop 
for constant current or constant extinction angle. 

When operating in constant current control, V, is obtained from the amplified 
difference (error) between the current reference and the measured dc line current; 
this forms a simple negative-feedback control loop, tending to hold current 
constant at a value very close to the reference. 

When the current is equal to the reference, the amplified error (V,) happens to 
be precisely that value required to give an oscillator frequency of six times the 
supply frequency. The ring-counter outputs, and thus the valve-gates pulses, will 
have a certain phase with respect to the ac system voltage. In steady state 
operation, this phase is identical to firing angle a. 

A disturbance such as a drop of back emf in the dc system causes a temporary 
current increase, which reduces V, and hence slows down the oscillator, thus 
retarding its phase and finally increasing the firing angle a. This tends to decrease 
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the current again, and the system settles down to the same current, with the same 
V, and oscillator frequency but a different phase, i.e. different a. 

The control system will also follow system frequency variations, in which case 
the oscillator has to change its frequency; this results in different V, and hence 
current, but the current error is made small by using high gain amplification. 

This constant current scheme is the main control mode during rectification; it is 
also used during inversion whenever the inverter has to take over the current 
control, as explained later. 

The control system response is fast but, in practice, its effect will be slowed 
down to the relatively slower response of the dc line, which includes capacitance, 
inductance, and smoothing reactance. 

Inverter extinction angle control is implemented by a negative feedback loop 
very similar to the current loop. The difference between the measured y and the y- 
setting is amplified and provides V, as before. However, it differs in that y is a 
sampled quantity rather than a continuous quantity. For each valve the extinction 
angle is defined as the time difference between the instant of current zero and the 
instant when the anode voltage next crosses zero, going positive. 

For each bridge there are six values of y to be measured, which under 
symmetrical steady state operation are identical. Under unbalanced conditions, 
however, the valve with greatest risk of commutation failure is the one having the 
smallest y. 


3.4.2 Control characteristics and direction of power flow 


A hybrid voltage/current philosophy is used in HVdc transmission to suit the 
needs of the particular operating conditions. This is achieved by adjusting the dc 
voltage levels on both sides of the link, by means of on-load tap-changer control 
on the steady state, and by thyristor control following large or small changes of 
operating conditions at either end of the link. The dc current is only limited by the 
small resistance of the transmission line and is therefore very sensitive to such 
variations. 

It will be shown in the following sections that the provision of current 
controllers at both ends, combined with transformer on-load tap changing, offers a 
perfectly satisfactory solution to this problem; thus the use of current control is 
universally accepted in HVdc transmission. 

In the case of ac transmission, the direction of power flow is determined by the 
sign of the phase-angle difference of the voltages at the two ends of the line; the 
power flow direction is in fact independent of the actual voltage magnitudes. 
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Figure 3.8 Complete control of a converter from inversion to rectification. NV = 
natural voltage. CC = constant current. CEA = constant extinction angle. 


On the other hand, in dc transmission the power flow direction is dictated by 
the relative voltage magnitudes at the converter terminals and the absolute or 
relative phase of the ac voltages play no part in the process. However, exercising 
a type of firing angle control, which can make the power flow direction 
independent from the terminal ac voltage magnitudes and behave instead like the 
ac counterpart, can alter this condition. 
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The basic characteristic of a converter from full rectification to full inversion 
is illustrated in Figure 3.8. The converter is assumed to be provided with constant 
current and constant extinction angle controls. 

Normally, the total reactive power compensation is least, and the utilisation of 
the line best, if the rectifier is assigned the current control task while the inverter 
operates on minimum extinction angle control. 


(a} to) 


Figure 3.9 (a) Operating point with power flowing from Station I to Station II. (b) 
Operating point after power reversal. 


This combination is achieved in a two-terminal dc link by providing the power 
sending station with a slightly higher current setting than the power receiving 
station. The difference between the two settings is termed the current margin 
(Tam). Its effect can be better understood with reference to Figure 3.9(a) where the 
operating current is set by the constant current control at the rectifier end. The 
inverter end current controller then detects an operating current which is greater 
than its setting and tries to reduce it by raising its own voltage, until it hits the 
ceiling determined by the minimum extinction angle control at point A. This is 
the normal steady state operating point, which presumes a higher natural voltage 
characteristic at the rectifier end, a condition which may require on-load tap 
change action at the converter transformer. 

When a substantial ac voltage reduction occurs at the rectifier end, such that 
the dc voltage ceiling (the natural voltage) of the rectifier becomes lower than that 
of the inverter. The inverter current controller will prevent a current reduction 
below its setting by advancing its firing (i.e. reducing œ and hence inverter dc 
voltage), thus changing from extinction angle to constant current control. A new 
operating point A’ results at a current reduced by the current margin. 
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A change in power direction cannot happen naturally as a result of a change in 
the operating conditions but rather following a control order resulting from the 
overall requirements of the power system. Figure 3.9(a) shows that the two 
characteristics do not meet again when Station I increases the delay angle into the 
inverting region and Station II advances its firing into the rectifying region. In the 
process, the line current reduces to zero and the complete system is blocked. 

Since, as indicated earlier, the rectifying station requires the higher current 
setting to reverse power, it is necessary to subtract the current margin from the 
reference value of Station I. This results in the characteristics of Figure 3.9(b), 
which display one operating point of different voltage polarity and with the roles 
of the two stations interchanged while the direction of current flow remains 
unaltered, as required by the semiconductor property. 


3.4.3 Modifications to the basic characteristics [10] 


During ac system faults at the receiving end there is a big risk of commutation 
failure and, if the fault is electrically close, the inverter may not be capable of 
recovering by itself. In such cases, it is important to reduce the stress on the 
inverter valves, and this is achieved by providing a low-voltage-dependent 
current-limit to the rectifier control characteristic. The modified characteristics 
illustrated in Figure 3.10 consists of a branch CD’ at the rectifier and another EF’ 
at the inverter. 

The break points C and E in Figure 3.10 are typically between 70% and 30% of 
dc voltage, and in special cases even higher depending on ac system requirements. 
The higher voltage is applied when the receiving ac network is sensitive to 
disturbances, which could cause large voltage fluctuations. 

The terms VDCOL (Voltage Dependent Current Order Limit) and LVCL (Low 
Voltage Current Limit) are commonly used for the function that reduces the 
current setting when the voltage decreases. 

Also an unwanted voltage reversal of the inverter is generally prevented by 
limiting æ to some minimal value larger than 90° (shown by KK’ of the 
characteristic). Branches DH and FG represent maximum current limits at low 
voltage. 

Another problem with the basic characteristics occurs when the rectifier 
voltage ceiling gets very close to that of the inverter, such that the characteristics 
intersect in the region between J, and Tas — Iam. In this region both current 
controllers are out of action. In practice, the current will not settle at an 
intermediate point; instead, the inverter will be periodically entering the current 
controlling mode. A proven countermeasure against this type of oscillation is a 
small shape alteration of the inverter characteristic (AB in Figure 3.10 instead of 
AB’). 

As the primary object of HVdc transmission, power control is the main 
consideration. The power is monitored by multiplying voltage and current 
(summed from both poles) and fed back directly to the controller. The master 
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controller (at one of the stations) then sends a current order to the pole controls of 
the two ends of the link. However, limits are built-in to prevent unacceptable 
current orders (e.g. during start-up) 


Figure 3.10 Rectifier and inverter modified characteristics. 


Normally, power is the control signal applied to the current controller. 
However, if the frequency goes outside predetermined limits, frequency control 
can be used to assist the system in difficulty; however, the latter becomes 
inoperative when the maximum rated transmission power is reached. 


3.5 Converter circuits and components 


A single-line diagram of the CU HVdc project [11] is given in Figure 3.11. 

The main electrical components of each pole of the converter station are shown 
in greater detail in the circuit diagram of Figure 3.12. All the components 
enclosed within the thick rectangle are located inside the valve building. The 
scheme includes two valve groups at each end. Each valve group consists of two 
series-connected six-pulse bridges supplied from two converter transformers. The 
transformers are connected in star/star and star/delta, respectively, to provide the 
necessary 30° phase-shift for 12-pulse operation. 
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Figure 3.11 Single-line diagram of the main circuit of the CU HVdc scheme. 
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Figure 3.12 Main circuit diagram for one pole of a converter station (ASEA 
Journal). 


1. Surge arrester 6. Direct-voltage measuring divider 
2. Converter transformer 7. De filter 

3. Air-core reactor 8. Current measuring transductor 
4. Thyristor valve 9. De line 

5. Smoothing reactor 10. Electrode line 


At each end of the link there are two sets of harmonic filters, consisting of 
tuned branches for the 11th and 13th harmonics and a high-pass branch tuned to 
the 24th harmonic. The harmonic filters are thermally rated for full power 
operation, including continuous and short-time overload factors. A high-pass dc 
filter tuned to the 12th harmonic is also placed on the dc side. Extra shunt 
capacitors are installed at the Dickinson station only, since the generators at Coal 
Creek can provide the necessary additional reactive power. A dc smoothing 
reactor is located on the low-voltage side and air-core reactors on the line side of 
the converters; the latter to limit any steep front surges entering the station from 
the de side. 

The thyristor valves are protected by phase-to-phase surge arresters. The three 
top valves, connected to the pole bus, are exposed to higher overvoltages in 
connection with specific but rare incidents, and they are further protected by 
arresters across each valve. The indoor arrester connected to the low-voltage side 
of the valve protects the reactor. Pole and electrode arresters supplement the 
overvoltage protection. 
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3.5.1 The high voltage thyristor valve 


A large number of thyristors are connected in series to provide the complete valve 
with the necessary voltage rating. Series connection of thyristors requires 
components to be added to the valve to distribute the OFF state voltage uniformly 
between the series-connected thyristors. Thus each thyristor is served by several 
passive components, not only to ensure that this voltage sharing is achieved but 
also to protect individual thyristors from overvoltage, excessive rate-or-rise of 
voltage (dv/dt) and rate-of-rise of inrush current (di/dt). The thyristor, together 
with its local voltage grading and thyristor triggering circuits, is known as a 
thyristor level. 

The electrical circuit of a thyristor level is shown in Figure 3.13 and forms the 
basic ‘building block’ of a valve[12]. 
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Figure 3.13 Electrical circuit of one thyristor level. 


The function of the saturating reactor is to present a large inductance in series 
with the stray capacitances of the external circuit. This is necessary to protect the 
thyristors from damage immediately after firing. However, too much inductance 
is itself undesirable, because it would increase the reactive power absorbed by the 
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converter. The saturating reactor avoids this problem by exhibiting high 
inductance only at low current. At full load current the effect of the reactor 
becomes negligible. 

Voltage distribution is achieved by several components, acting over different 
frequency ranges. Direct voltage is distributed by a ‘dc grading resistor’ (Rg). 
Voltage distribution in the range from power frequency up to a few kilohertz is 
controlled by a complementary pair of RC grading circuits (Rp and Cp). This 
frequency range includes the natural frequency which characterises the voltage 
oscillation encountered when valves turn off at the end of a conduction interval. 
The component values are chosen to minimise the magnitude of this voltage 
overshoot. 

Insulation failures within the converter can subject the valve to voltage 
oscillations of much higher frequency, at which these RC circuits cease to be 
effective. To ensure that no thyristor level experiences an unduly severe voltage 
during such events, a capacitive grading circuit is also included. This ‘fast- 
grading capacitor’ (Crg) is arranged to discharge via part of the saturating reactor 
in order to limit its contribution to thyristor inrush current. 

Normally the thyristor is triggered into conduction at a particular point-on- 
wave determined by the control system. The command to fire the valve is sent as 
an optical signal from a ‘valve base electronics’ (VBE) cubicle at earth potential to 
every thyristor in the valve, via individual optical fibres. The optical signals are 
decoded by a ‘gate electronics’ unit located adjacent to each thyristor, which then 
generates a pulse of current to trigger the thyristor. The gate electronics derives 
the (small) power necessary for its operation from the displacement current in the 
RC grading circuit during the OFF state interval. 

Thyristors could be damaged by excessive forward voltage or forward dv/dt; 
when the forward voltage threatens to exceed the maximum safe value, a back-up 
triggering system, based on a breakover diode (BOD) is used to pass a heavy pulse 
of current to the gate of the main thyristor, triggering it rapidly and safely into 
conduction. 


3.5.2 HVdc configurations 


The simplest HVdc scheme, shown in Figure 3.14(a), is a monopolar 
configuration with ground return. It consists of a single conductor connecting one 
or more 12-pulse converter units in series or parallel at each end and uses either a 
sea or earth return. An electrode is required at each end of the line. Because of 
magnetic interference and corrosion problems, ground return is rarely permitted 
and metallic return is used instead. Both configurations require a dc smoothing 
reactor at each end of the HVdc line, usually located on the high voltage side and, 
if the line is overhead, dc filters are normally required. 

A bipolar HVdc system (shown in Figure 3.14(b)) consists of two 12-pulse 
converter units in series with electrode lines and ground electrodes at each end and 
two conductors, one with positive and the other with negative polarity to ground 
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for power flow in one direction. For bi-directional flow, the two conductors 
reverse their polarities. With both poles in operation, the imbalance current flow 
in the ground path can be held to a very low value. 

Multiterminal HVdc operation, although a viable strategy, is rarely used. The 
two basic configurations are shown in Figures 3.14(c) and 3.14(d), with the 
converters connected in parallel or series on the dc side. 


Figure 3.14 Basic HVde configurations. 


3.5.3 Back-to-back configurations 


Considering the cost benefit of the back-to-back solution, zero distance 
interconnections are often preferred when planning HVdc transmission between 
two asynchronous systems. 

North America and India have already made extensive use of the back-to-back 
solution, as shown in Figures 3.15 and 3.16. 
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Figure 3.15 Unusual map of North America highlighting four blocks of ac 
transmission connected together by dc links. 


For relatively small ratings (say 50-100 MW) the back-to-back links are of 
monopolar design and usually include a smoothing reactor. Bipolar configurations 
with or without smoothing reactors are used for large interconnections (of 500 
MW and over). 

The valves of both converters of the back-to-back scheme can be located in the 
same valve hall together with their controls, cooling, and other auxiliary services. 

In these systems, the optimisation of the whole station regarding voltage and 
current ratings for a given power in order to achieve the lowest life cycle cost is a 
straightforward procedure. Generally, the dc voltage is low and the thyristor valve 
current high in comparison with HVdc long distance interconnections, The main 
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reason is that, on the one hand, valve costs are much more voltage-dependent as 
the higher voltage increases the number of thyristors and, on the other, the highest 
possible current adds very little extra cost to the price of an individual thyristor. 
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Figure 3.16 Interconnections using HVdc between India’s regions. 


3.6 Power system analysis involving HVDC converters 


In power frequency load flow studies each terminal of the dc link can be 
represented as a load bus, i.e. by active (P) and reactive (Q) power specifications, 
subject to capability constraints. 

For greater flexibility and improved convergence, some of the dc link variables 
must be explicitly represented in the power flow solution, replacing the P and Q 
specifications. 
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The following set of variables permits simple relationships for all the normal 
control strategies{ 13]: 

[x] = [Va, l, a, COS @, øj 

where V4, Ia are the dc side voltage and current; a is the converter transformer 
off-nominal tap position; a is the firing angle and ¢ is the fundamental frequency 
displacement between the ac voltage and current. 

This alternative requires either sequential ac and dc iterations or a unified ac/dc 
Newton-Raphson solution [13]. 

The so-called characteristic harmonics, i.e. those related to the pulse number, 
can be easily calculated from the symmetrical steady state converter model. 
Moreover, these harmonics are normally absorbed by local filters and have 
practically no effect on the rest of the system. 

Three-phase steady state simulation is rarely needed in conventional power 
systems. However, the dc link behaviour, and specifically the generation of 
uncharacteristic harmonics, is greatly affected by voltage or components 
imbalance. Moreover, in the absence of ‘perfect’ filters, these harmonics can be 
magnified by parallel resonances between the filters and ac system impedance. 
Therefore, there is a greater need for three-phase modelling in the presence of 
ac/dc converters. 

The harmonic currents produced by the converters are often specified in 
advance, or calculated more accurately for a base operating condition derived 
from a load flow solution of the complete network. These harmonic levels are 
then kept invariant throughout the solution. That is, the converter is represented as 
a constant harmonic current injection, and a direct solution is possible. A reliable 
prediction of the uncharacteristic harmonic content requires more accurate 
modelling, and often a complex iterative algorithm involving the ac and dc 
systems[ 14]. 

Many methods have been employed to obtain a set of accurate non-linear 
equations which describe the system steady state. After partitioning the system 
into linear regions and non-linear devices, the non-linear devices are described by 
isolated equations, given boundary conditions to the linear system. The system 
solution is then predominantly a solution for the boundary conditions for each 
non-linear device. Device modelling has been by means of time domain 
simulation to the steady state[15], analytic time domain expressions[16][17], 
waveshape sampling and FFT[18] and, more recently, by harmonic phasor 
analytic expressions[19]. When the HVdc link is expressed in a form suitable for 
solution by Newton’s method, the separate problems of device modelling and 
system solution are completely decoupled and the wide variety of improvements 
to the basic Newton method, developed by the numerical analysis community, can 
readily be applied. 

The use of accurate iterative techniques permits quantifying the response of the 


HVdc converter to various non-ideal ac or de system conditions. The main effects 
are: 


140 Flexible ac transmission systems 


e The ac/dc converter acts as a frequency modulator, the relationships between 
harmonic (or non-harmonic) frequencies on both sides of the converter being 
as shown in Figure 3.17. 
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Figure 3.17 AC/DC harmonic interactions. 


e The main interactions are between the so-called three port terms. A change in 
harmonic k on one side of the converter affects harmonics k + 1 and k — 1 on 
the other side of the converter. 

e The end of commutation is very sensitive to harmonics in the terminal voltage 
and de current. 

e The individual firing instants are sensitive to harmonics in the dc current. 

e The average delay angle, since it relates to the average dc current, is 
extremely sensitive to changes in the fundamental terminal voltage. There is 
also sensitivity to harmonics coupled to the fundamental; i.e. the 11th and 
13th harmonics on the ac side. 

The dc link behaviour during ac, converter, or dc system disturbances cannot 
be simulated using steady or quasi-steady state algorithms because in general the 
disturbance will alter the normal operation of the bridge. In the case of the 
inverter, an ac system fault will generally cause commutation failure. A detailed 
waveform analysis needs to be carried out using electromagnetic transient 
simulation. The most popular transient simulation methods are based on the 
EMTP programs, and these include detailed models of the HVdc converter. In 
particular, the PSCAD-EMTDC program has been specially designed with HVdc 
transmission in mind. 
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The small integration step (typically 50 us) used by the EMTP programs gives 
an accurate prediction of the distorted voltage and current waveforms following a 
disturbance. Realistic electromagnetic transient simulation of HVdc systems 
always requires that the switching instants are accurately determined as they 
occur. Invariably, they fall between time steps of the simulation and much work 
has been directed towards removing any error resulting from this mismatch 
between switching instant and simulation step. Solutions to this problem first 
appeared in state variable converter models, where the simulation step itself was 
varied to coincide with switching instants and to follow any fast transients 
subsequent to switching. More recently, interpolation techniques have been 
successfully applied in electromagnetic transients programs. The use of these 
programs for system simulation, including FACTS and HVdc, is discussed in 
Chapter 8. 

Dynamic and transient stability studies use quasi steady state component 
models at each step of the electromechanical solution. Similarly to fault 
simulation, the presence of dc links prevents the use of these steady state models 
for disturbances close to the converter plant. Unlike fault simulation, however, the 
stability studies require periodic adjustments of the generator’s rotor angle and 
internal emfs, information that the electromagnetic transient programs cannot 
provide efficiently. Thus, in general, the ac/dc stability assessment involves the 
use of the three basic programs discussed in previous sections, i.e. power flows, 
electromagnetic transient and multi-machine electromechanical analysis. The 
interfacing of the component programs is considered in Chapters 10 and 11. 


3.7 Applications and modern trends 


The main historical reason for the introduction of HVdc was the economy of 
power transmission at long electrical distances which, in the case of transmission 
by cable, occur at relatively small geographical distances (of 50 km or less). 
However, it is the absence of synchronous restrictions that is finding increasing 
applications for dc interconnections. There are currently 20 back-to-back 
asynchronous interconnections spread all over the world, with the larger number 
being located in North America. 

Attention is now turning towards the prospective application of gate turn-off 
devices to create a four quadrant voltage-sourced back-to-back asynchronous 
interconnector. In this respect, GTOs are attractive for dc power conversion into 
ac systems, which have little or no voltage support. In such cases, the 
synchronous condensers or static VAR systems used in some present schemes will 
not be needed. Before GTOs can be regularly used for dc transmission, 
confidence must be increased in their series connection and the switching losses 
reduced. If we accept the inevitability of GTO converters for future dc 
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transmission, the system designer is then faced with determining a control strategy 
which must control dc power, ac voltage and ac system frequency. At present, 
however, the GTOs ratings are much lower than those of thyristors, and their cost 
and losses are almost twice those of thyristors; these three aspects (GTOs ratings, 
cost and losses) have a large influence on the cost of the other equipment in a 
complete converter station. 

In Japan, several power companies and the Central Research Institute of the 
Electric Power Industry, are developing an 800 MW back-to-back self- 
commutated asynchronous interconnector[20]; the configuration used is shown in 
Figure 3.18. 


GTO inverter 


system A system B=» 
Figure 3.18 System configuration of a 800 MW back-to-back interconnector. 


The voltage source converter technology can also be used to extend the 
economical power range of HVdc transmission down to a few megawatts and even 
feed totally passive industrial or distribution systems with no other sources of 
supply. The dc feeder then controls the frequency and voltage levels. A pilot 3 
MW, +10 kV, 10 km long scheme has recently been completed by ABB (from 
Hellsjén to Grängesberg) in Sweden. This project uses series-connected Insulated 
Gate Bipolar Transistor (IGBT) converters without transformers at either end. 
Possible applications of the HVdc light concept include the supply of power to 
islands, infeed to cities, remote small-scale generation, and off-shore generation. 

In the face of competition from the new semiconductor devices, the thyristor- 
based converter technology is not remaining standstill. Under the banner ‘HVdc 
2000’[21], ABB has recently proposed a new generation of HVdc converter 
stations, incorporating the latest developments; these affect a number of technical 
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areas and are aimed at improved performance, design simplicity, and reduced 
construction time. 

The key features of HVdc 2000 include: 

series capacitor commutated converter (CCC), 

actively tuned ac filters; 

air-insulated outdoor thyristor valves; 

active dc filters. 

Through dc transmission, with or without distance, new generating plant can 
be added without increasing the system fault level and without the risk of 
synchronous instabilities. 

A new concept termed ‘unit connection’[22] has been investigated by a 
Working Group of CIGRE SC11 and SC14 study committees. This configuration, 
illustrated in Figure 3.19, eliminates the generator transformer and the ac busbar. 
The generators are directly connected to the converter transformers and the 
harmonic currents produced by the 12-pulse unit-connected scheme are absorbed 
by the generator so that the need for ac filters is eliminated. Moreover, voltage 
control can be exercised entirely by the generator excitation, and transformers on- 
load tap changers are no longer needed. 
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Figure 3.19 Unit connected HVdc power station, in which generators and 
converters are integrated into single units. Series parallel and/or parallel 
combination of units at the dc side is also allowed. 


The direct connected scheme is considered an attractive proposition for 
electrical generation from remote sources of power, such as hydro and low grade 
coal fields, when a new development supplies little or no local load. Its potential 
for variable speed operation can be used to optimise the efficiency of hydro sets 
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under different load conditions and under varying water heads. This property can 
also be useful in pump storage and wind power applications. 


3.8 Summary 


After almost half a century of reliable operation, HVdc transmission is now well 
established in long distance and asynchronous power systems interconnection, 
even though some countries still look at it with suspicion. 

Considered as a FACTS device, the HVdc interconnector involves all the 
ingredients of present-day high technology and provides a higher order of 
controllability. 

This chapter has highlighted the basic components of the HVdc transmission 
technology as well as the main simulation techniques presently used for their 
integration in power system analysis. Some of the new concepts under 
consideration for future HVdc links have also been introduced. 
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Chapter 4 


Shunt compensation: SVC and STATCOM 


H. L. Thanawala, D. J. Young and M. H. Baker 


4.1 Introduction: principles and prior experience of shunt static 
var compensation 


The principle of shunt reactive power (var) compensation is illustrated in Figure 
4.1. The static var compensator (SVC) generates or absorbs shunt reactive power 
at its point of connection, shown here as in the middle of a high voltage (HV) ac 
transmission line. Before the advent of static var compensators in the 1960s, such 
a compensation function was performed by rotating synchronous generators 
operating without prime movers (turbines) as synchronous compensators and 
capable of generating or absorbing reactive power only, with their active power 
losses being supplied from the ac network itself. 

If the equipment is arranged to perform in such a way that the voltage Vy is 
controlled at all levels of power flow the line is effectively split into two half 
sections (of reactive impedance X/2), the synchronous stability of each of which is 
then governed by the equation given on the diagram. Figure 4.1(b) also compares 
the power—angle (P—5) curves with and without the SVC [1-3]. 


Figure 4.1(a) Shunt static var compensation 
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Figure 4.1(b) Effect of shunt compensation on power—angle diagram 


The P-5 curves show that the theoretical maximum stable power limit 
Pyax{svc) is doubled with the SVC present. The line total angle is higher at this 
power level, but because the voltage magnitude is held constant dynamically, the 
synchronous stability is maintained (dP/d5 > 0) even at angles greater than 90°. 
The line stability limit as well as voltage stability and voltage collapse limit are 
thus improved. The reactive power rating of the SVC will, in practice, not be 
infinite and the practical size will depend on cost versus the requirement for 
increase in stable power transfer capability, taking due account of the actual 
dynamic performance of the SVC and its controls. 

Before the wider availability of static var compensators (SVC) the control of 
voltage was only possible either at generator terminals, i.e. V, and Vp (Figure 4.1). 
The alternatives of mechanical switching of shunt reactors (MSR) and capacitors 
(MSC) are not sufficiently smooth or rapid to influence the power—angle 
relationships dynamically, although they can limit any continuous overvoltages 
and undervoltages. 

The earliest form of continuously variable static shunt reactive compensator 
was based on a saturated iron-cored reactor, pioneered in the UK during the early 
1950s and 1960s [3-5]. The simplest form of saturated reactor (Figure 4.2a) is an 
iron-cored inductor with one winding per phase. The inherent rms voltage-current 
(V-I) characteristics shown in Figure 4.2(b) follows the flux-current (B—H) 
relationship of a saturating iron-core and thus the reactor effectively has two 
values of reactance. The basic component of voltage is of fixed amplitude 
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corresponding to the ‘saturation voltage’ and the upper sloping part determines the 
change in current for a further increase in voltage and corresponds to the air-core 


saturated inductance of the winding, i.e. the ‘slope reactance’. 


HV system 
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Figure 4.2(a) The saturated reactor compensator (SR-SVC) 
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Figure 4.2(b) SR-SVC voltage-current characteristic 
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The basic single-phase saturated reactor (SR) is inherently able to respond 
rapidly to maintain an approximately constant voltage (to within 10% say) at its 
terminals without any feedback control system, but its current has substantial 
harmonic components which are usually undesirable. The use of a three-phase 
interconnected winding scheme reduces the harmonic content substantially to that 
illustrated in Figure 4.3(b). The use of a slope correction capacitor (Figure 4.2(a)) 


in series with the three-phase reactor enables better constancy of voltage (e.g. 2 to 
3%). 


Figure 4.3(a) Core and windings of a multi-winding saturated reactor 


Figure 4.3(b) Waveforms of voltage and currents at 0, 0.25, 0.5, 0.75, 1.0, and 
1.25 pu current levels 
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Such a multi-winding reactor (Figure 4.3(a)) has been widely used in the UK 
and abroad [5,6] in utility transmission and distribution networks (and in 
industrial networks for fluctuating load compensation) until the economic 
availability of semi-conductor devices in the 1970s. The saturated reactor can be 
economically designed to operate at voltages up to 66 kV. It is usual to employ a 
step-up transformer for connection to higher voltages (Figure 4.2(a)) which has an 
added advantage that by use of its on-load tap changer, the constant ‘saturation 
reference voltage’ level can be adjusted, if desired, for transmission system 
operation. The use of a shunt capacitor or mechanically switched shunt capacitor 
(MSC) (incorporating a residual harmonic filter if required) enables the complete 
Static Var System (SVS) to cover capacitive as well as inductive operation. 


Figure 4.4 Eastern goldfields transmission system in Australia employing four 
SVCs 
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Figure 4.4 illustrates an application in the early 1980s of four SVCs on a 654 
km long 220 kV multiple-compensated line, each SVC having a rating of about 
+45/-30 Mvar at its 29.5 kV tertiary connection. The SVCs enabled power 
transfer of more than the surge impedance power level, which is about 125 MW, 
to be achieved over such a long single-circuit line into an economically important 
gold-mining area in Western Australia [6]. Even larger (+150 Mvar, 56 kV) 
saturated reactor SVCs designed in the late 1970s are in service for the control of 
voltage, particularly load-rejection overvoltages, two on the 400 kV system at the 
converter station at the UK end of the Cross-Channel England—France 2000 MW 
HVDC Scheme [5] and one at a nearby substation. 

The development of thyristor technology has, since the 1980s, superseded the 
use of saturated reactors. Thyristor valves are cheaper, less lossy and give direct 
control over the instant of the start of current conduction in each half-cycle 
[3,7,8,9]. The essential functional features illustrated in Figure 4.2(b), such as 
reference voltage, V-I slope, shunt capacitors (and filters) and step-up 
transformers are, however, similar to the saturated reactor. With the advent of 
gate turn-off (GTO) thyristors (and similar semi-conductors) additional features 
become available in the STATCOM described in Section 4.3. 


4.2 Principles of operation, configuration and control of SVC 


4.2.1 Thyristor Controlled Reactor (TCR) 


The thyristor controlled reactor comprises a linear reactor, connected in series 
with a thyristor valve made up of inverse-parallel, or ‘back-to-back’ connected 
pairs of high power, high voltage thyristors which are themselves connected in 
series to obtain the necessary total voltage and current rating for the valve [7-9]. 

The simplest design of TCR uses three, single-phase, valves connected in delta 
giving a six-pulse unit (Figure 4.5). The variation of current is obtained by 
control of the gate firing instant of the thyristors and thus of the conduction 
duration in each half cycle, from a 90° firing angle delay as measured from the 
applied voltage zero for continuous conduction, to 180° delay for minimum 
conduction (Figure 4.6(a)). An illustration of the voltage control scheme is shown 
in Figure 4.6(b) and it employs the reset-integrator type of phase-locked feedback 
control loop [10]. 

The design of the high voltage thyristor valves has generally similar features to 
those for a HVDC valve. The six-pulse scheme (Figure 4.5) produces no 
significant third harmonics but substantial 5th and 7th harmonic currents are 
present (up to around 5% of the rated TCR current) and in most cases these 
require the use of harmonic filters [9] to minimise distortion in the power 
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transmission and distribution voltage. For large ratings it can be economic to 
connect the TCR directly to the power system busbar at a voltage up to about 33 
kV. For most applications, however, a step-up transformer is required to match 
the optimised valve design voltage to the higher voltage of the power system. The 
transformer typically has one delta winding and one earthed star one (usually the 


higher voltage). 


Figure 4.5 Thyristor-controlled reactor six-pulse configuration 


Continuous Part Minimum 
Conduction Conduction Conduction 


Figure 4.6(a) Waveforms illustrating the effect of TCR firing angle control 
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Figure 4.6(b) SVC control principles 


For large installations it may be economic to use a transformer with two phase- 
displaced secondary windings connected in star and delta, each with delta- 
connected thyristor valves and reactors. This 12-pulse design gives better 
harmonic compensation, the principal harmonics being 11th and 13th which are of 
relatively low current magnitudes (around 1%) [11] and harmonic filters may be 
avoided, 

The control system of a TCR can produce any desired voltage/current 
characteristic within an overall envelope AEFBJHA, derived from various input 
signals (Figure 4.7). When the valve reaches maximum conduction the 
characteristic follows the slope (FD) set by the total impedance value of the linear 
reactors plus the coupling transformer (typically the total being 0.7 to 1.0 pu based 
on the full load TCR rating). This impedance line applies up to the point of the 
thyristor current thermal limit(D). Points on the envelope may be chosen to suit 
the system requirements (including overload capability for a specified short 
duration). For digital computer modelling of a controlled TCR in system planning 
and design studies, simplified models of the characteristic are usually adequate as 
discussed in [12-16], although for SVC equipment design more detailed computer 
models, or physical and digital real-time simulator methods, are often employed. 

For transmission and utility applications closed-loop voltage control is usually 
suitable. With this control, for a sudden change of system voltage the 
corresponding var change along the controlled slope line can have a speed of 
response of one to three cycles, depending on the system short-circuit level. This 
control scheme helps to maintain voltage and synchronous stability or to avoid 
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voltage collapse after a major disturbance. By suitable auxiliary control features it 
may also enhance damping of subsequent system swings and oscillations. 


Vottage 
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Figure 4.7 TCR-SVC voltage—current characteristics 


A faster response can be obtained by using an open-loop current control; this 
is used for certain applications such as for industrial fluctuating loads where the 
highest speed is sometimes required and some sacrifice of voltage control 
accuracy is acceptable. The control may be on a separate per phase basis to 
permit network or load imbalance to be compensated, or it may be on an equal 
three-phase basis. The control equipment uses analogue electronics or digital 
software. 

A thyristor switched reactor (TSR) has similar equipment to a TCR, but is 
used only at fixed angles of 90° and 180°, i.e. full conduction or no conduction. It 
therefore generates no harmonics but, being only on/off controllable, it has a 
narrower application. 
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4.2.2 Thyristor Switched Capacitor (TSC) 


This is the only type of SVC (apart from the STATCOM) which can give directly 
the effect of a variable capacitance although, for reasons given below, the 
variation is not smooth but in steps. Thyristor valves consisting of inverse-parallel 
connected thyristors, generally similar to those used for the TCR, are used to give 
rapid switching of three-phase delta-connected blocks of capacitors (Figure 
4.8(a)). Combined with a TCR, the range from 150 Mvar capacitive to 75 Mvar 
inductive, for example, is given by the arrangement of Figure 4.8(b) [14]. 

The TSC has one important difference from the TCR. After the capacitor 
current through the thyristor ceases at current zero, unless re-gating occurs, the 
capacitor remains charged at peak voltage while the supply voltage peaks in the 
opposite polarity after a half cycle [9]. This can impose a doubled voltage stress 
on the non-conducting thyristors and an increase can be necessary in the number 
of thyristors in series in a TSC compared with a TCR valve of equivalent voltage. 
The very high inrush currents that can occur on energising the capacitors make it 
necessary to choose the point-on-wave for gating the thyristors with accuracy. 
Ideally gating should take place when the voltage across the thyristor is zero and 
the supply voltage is at its peak (i.e. when dV/dt = 0) to eliminate transients. Such 
ideal conditions, however, cannot always be achieved in practice due to mis- 
matches between the voltage of the capacitor (partially discharged from the 
previous cycle) and the system voltage (which may have changed over the same 
period). One of the functions of the control system therefore is to choose the 
precise gating instant of each valve for minimum transients as illustrated in Figure 
4.9. The rate of discharge has been substantially increased in the latest TSC 
installations in the UK [17] by means of a saturable discharge transformer 
connected across the capacitor, e.g. about 10ms compared with 100s in earlier 
designs, thus permitting a significant reduction in the switching delay and in the 
voltage stress on the thyristor valve and hence in its size. 

There will be occasions when severe transients occur, for instance during 
initial energisation of an uncharged capacitor. Series reactors are included to 
reduce the magnitude of the inrush current under the worst case to a value within 
the thyristor capability. With the exceptions of these transients, however, the TSC 
does not produce harmonics. If there are other sources of harmonic currents (e.g. 
in the TCR or in the system itself), care in circuit design is necessary to ensure 
that they are not unduly magnified by resonance effects in the TSC circuit. 

Once gated, the thyristor conducts for a half-cycle and, unless again gated, the 
current then ceases. The TSC therefore can only give a variation of capacitance in 
discrete steps for a discrete period of an integral number of half-cycles. The 
number of steps and hence the fineness of control is dictated by economics. The 
effective number of steps can be increased by using different sizes, e.g. 1, 2, and 4 
in binary switching sequence (see Section 4.4.2). 
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Figure 4.8(a) Thyristor Switched Capacitor Circuit 


Earthing / Auxiliary 
O Transformer 


TSC TCR TSC Filter 
Mvar 65 95 65 20 


Figure 4.8(b) Configuration of a Combined TCR/TSC to give +150/-75 Mvar 
Continuous Control 
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Figure 4.9 TSC switching transients 


Thyristors can be used to switch on a large bank of capacitors faster than is 
possible using a mechanical switch and therefore the TSC can be used for fast 
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boosting of the transmission voltage to maintain stability following a disturbance, 
such as sudden line or generator or load outage, or major rapid swing in system 
power flow. Frequent switching by such electronic means causes no mechanical 
wear. 


4.2.3 Combined TCR/TSC 


TCRs are often used in conjunction with TSCs as shown in Figure 4.8(b) in order 
to give reduced power losses at zero var output (the float condition) compared 
with the losses of a scheme using a fixed capacitor and a larger TCR (FC-TCR). 
The former can also provide an increased operating range in the var generation 
region where speed of capacitor energisation is of importance, or where frequent 
changes in output are required. In these applications the TSC provides the coarse 
steps, seldom exceeding four, whereas the TCR gives a fine continuous control in 
between. 

In some system applications, although the SVC must be capable of operating 
under particular system conditions at the extremes of its var range, it need not be 
capable of swinging in a continuous manner from one extreme to the other. Its 
‘dynamic’ or ‘swing’ range, which is the range over which it can give an 
instantaneous or near instantaneous response, may be only a proportion of its total 
range. In such a design the size of the rapidly variable element, which is more 
expensive per unit of rating, can be reduced to deal only with the rapid swing 
range whilst mechanically (breaker) switched shunt reactors and capacitors (MSR 
and MSC) can be controlled more slowly but still automatically to give the total 
var range. The overall cost of such static var systems is lower than a TCR/TSC 
[7]. 

Figure 4.10 shows the losses versus the var output for the TSC-TCR 
arrangement of Figure 4.8(b), but excluding the losses in the transformer, 
compared with a single TSC and fixed capacitor. The TCR/FC scheme requires 
the least capital equipment, particularly thyristor valves, and incurs lowest loss at 
maximum capacitive var generation (leading Mvar) but highest loss at maximum 
inductive var absorption (lagging Mvar) when the TCR carries a large current to 
cancel out the fixed capacitor output. When TCRs are included, the TSC steps 
can be arranged to switch off at appropriate output levels (Figure 4.10), so that in 
the lagging region only a smaller FC and TCR carry current and the losses are 
correspondingly much lower. Depending on the operational duty cycle of the 
SVC and the evaluated capitalisation cost rate for losses, the overall cost (i.e. life- 
time cost) can be substantially lower for the TCR/TSC scheme. 

It is possible with an SVC incorporating a TCR to modulate the reference 
voltage signal in order to improve power system damping. The modulating signal 
can be the line power flow, the voltage phase angle(s) or their rates of change. A 
TSC having several steps can also be used on its own to provide some swing 
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damping in a transmission system. SVCs can also be used to provide a degree of 
phase balancing if the controls are arranged to be on a per-phase basis, but for a 
TCR scheme this can introduce third harmonic currents which must be allowed 
for in the harmonic filter design. 


-W TCRIFC 
—H-TCRITSCIFC/ 
=dr-TCRITSC/TSC/FC/ 


Current (pu) 


Figure 4.10 Typical SVC power loss curves for various arrangements 
4.3 STATCOM configuration and control 


4.3.1 Basic concepts 


The description of a STATCOM may helpfully start with the rotating machine, the 
synchronous compensator, which was referred to in Section 4.1. 

The dynamic behaviour of a synchronous compensator depends on the voltage 
which is developed in its ac winding by the dc excitation of the field winding. 
The reactive current flowing into or out of a synchronous compensator depends on 
the difference between the voltage of the supply system and the excitation voltage 
of the machine. This is illustrated in Figure 4.11. The synchronous compensator, 
M, connected to the system busbar B, with a voltage V, has an excitation voltage 
V, and an equivalent inductive reactance X,. When V, is smaller than V,, the 
machine is “under-excited” and the current flowing into it lags behind the system 
voltage; the machine then acts as a inductive impedance, absorbing Mvar from the 
system as shown in Figure 4.11(b). When V, exceeds V,, the machine is “over- 
excited” and acts as a shunt capacitor, generating Mvar (Figure 4.11(c)). 


160 Flexible ac transmission systems 


System Busbar, B 


X, Synchronous 
Compensator, M 
{a) Simplified representation of a synchronous compensator 
Vo 
(b) Inductive operation 
I V. X! 
I 
Ve Ke 
{c} Capacitive operation 
V. 
Vo 
(d) Inductive operation 
with loss component A Va IX,! 
i 
(e) Capacitive operation Vp KI 
with loss component 
Ve 
Loss= MeNe sind 
X, 


Figure 4.11 Simplified representation of a synchronous compensator and its 
vectorial relationship between voltage and current 


A synchronous compensator is not driven by a prime mover; therefore all its 
losses must be supplied from the system. Consequently the vector of V, lags very 
slightly behind V, by an angle 5, so that the necessary energy can be supplied to 
the machine from the system, as indicated in Figures 4.11(d) and (e). The form of 
the equation describing the losses will be seen to be the same as that describing 
power flow between voltage sources in Figure 4, 1(a). 
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As described earlier, the behaviour of conventional SVCs is often represented 
by a model of an equivalent, but inertialess, machine incorporating an equivalent 
excitation voltage (reference voltage) and an equivalent reactance (V-I slope). 
However, there is a class of SVCs which is based on dc to ac converters in which 
a real alternating voltage (or current) can be produced from a direct voltage (or 
current) by the process of inversion in a solid-state DC to AC converter; the 
converter can be controlled to behave as if it were an idealised rotating machine 
(Figure 4.12). The class of SVCs which uses this principle has been assigned the 
name STATCOM (a shortened form of STATic COMpensator). 


System Busbar, 8 
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Figure 4.12 Simplified representation of a STATCOM 


The basic behaviour of a STATCOM is very similar to that of a synchronous 
compensator. If the voltage generated by the STATCOM is less than the voltage 
of the system busbar to which it is connected, the STATCOM will act as an 
inductive load, drawing Mvar from the supply system. Conversely, a STATCOM 
will act as a shunt capacitor, generating Mvar into the supply system, when its 
generated voltage is higher than the system voltage. The losses of a STATCOM 
are normally supplied from the system, in the same way as for a machine, and not 
from the source of direct voltage or current. 


4.3.2 Voltage-sourced converters 


Various types of inverter circuit and source have been suggested and examined. 
The dc voltage-sourced converter (VSC) is the type which has received most 
attention in the practical realisation of the STATCOM principle. A very simple 
inverter (Figure 4.13) produces a square voltage waveform as it switches the 
direct voltage source on and off. Clearly this waveform has a large content of low 
order harmonic components. 


The direct voltage source can be a battery, whose output voltage is effectively 
constant, or it may be a capacitor, whose terminal voltage can be raised or lowered 
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by controlling the inverter in such a way that its stored energy is either increased 
or decreased. 

The inverter must use either conventional thyristors with forced commutation, 
or it must use devices which can be turned off as well as turned on, such as gate 
turn-off (GTO) thyristors, which have been used for many years in drives for 
traction and industrial applications. A new generation of devices which require 
less energy for the switching process includes Integrated Gate Bipolar Transistor 
(IGBT), Integrated Gate Commutated Thyristors (IGCT) and MOS-Controlled 
Thyristors (MCT). These devices are becoming available with ratings that can be 
used for STATCOMs; devices with a higher voltage rating, using silicon carbide 
(SiC), are expected to become commercially available within the next few years. 


utput 
Terminal 


Neutral 


Figure 4.13 Two-level voltage-sourced converter 


The pattern of switching of the semi-conductor devices in poles A and B of 
Figure 4.13 depends on whether the current leads or lags the voltage. Thus, if 
during the interval ¢, to ¢,, Vo is in phase with and greater than the system voltage, 
the converter will act as a capacitor (as seen from the system) and the current 
flowing INTO the converter at the junction of poles A and B (i.e. into the output 
terminal) will lead the voltage by 90°. Just before 4, the GTO of pole B is 
conducting the line current, the GTO of Pole A is blocked and the output voltage, 
Vaw is zero. There is no current through pole A or through the diode of pole B. 
At time f, GTO B is forced to turn off, by control action, and the current through 
it (now at its peak value) ceases to flow. However, the line current itself is not 
interrupted because it now finds a low impedance path through the diode of pole 
A and through the dc voltage source back into the system. The voltage at the 
output terminal, Va» becomes equal to the dc source voltage. Because Vou 
exceeds the system voltage, the line current will steadily be forced to zero. The 
flow of current will cease unless GTO A is now turned on, because there will be 
no path for a reverse current to flow through the blocked converter; at zero current 
the voltage of the output terminal must follow the value of the system voltage. 
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Therefore in order to ensure continuation of the current, GTO A is deblocked 
shortly after f, so that the reverse current can flow out, from the voltage source, 
into the ac system; V remains equal to the dc source voltage until time ¢,, when 
Vi must be collapsed to zero. This is achieved by blocking GTO A so that 
current continues to flow out of the converter, at zero output voltage, through 
diode B. The cycle continues by firing GTO B at, or before, the instant of zero 
current, so that the positive half cycle of current can flow again. 

In contrast, when V,,, is in phase with but less than the ac system voltage, the 
converter will act as an inductor (as seen from the system) and the current INTO 
the converter at the output terminal will lag the voltage by 90°. In this case, just 
before time 4, current will be conducted through the diode of pole B and GTO A 
and GTO B will both be in a blocked state. At time t, GTO A will be deblocked, 
the output voltage will rise to the dc source voltage and current flow will transfer 
(at its peak value) from diode B to GTO A. Because the system voltage exceeds 
Vow, Current flow will be forced to zero and will then reverse, flowing through 
diode A. GTO A can now easily be blocked because it is not carrying current. 
The sequence will continue by turning on GTO B at peak current to take over the 
current and collapse the voltage at time t,. 


Neutral Vou 


Figure 4.14 Three-level voltage-sourced converter 


Thus, when acting in capacitive mode, the GTO devices must be controlled to 
block the alternating current at its peak value, but are turned on without an 
immediate flow of current. The opposite happens in inductive mode; the devices 
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turn off by natural commutation and are then blocked. When they are de-blocked, 
the maximum current flows immediately. Clearly GTOs must never be turned on 
simultaneously so that they do not short-circuit the dc source. The control of the 
GTO switching must therefore be accurate and extremely reliable. 

With the neutral terminal as shown in Figure 4.13, the output voltage of the 
two-level converter is asymmetrical. One way in which the basic circuit can be 
developed into a 3-level converter (of twice the rating) is shown in Figure 4.14. 


Figure 4.15 Five-level voltage-sourced converter 


This converter is more complex and requires the dc voltage source to be split 
or centre-tapped in order to provide a zero voltage reference. It can generate 
symmetrical positive and negative half cycles. The switching angles (such as a in 
Figure 4.14) for turn-on and turn-off are normally chosen to be symmetrical with 
respect to the instant at which the system voltage passes through zero and the 
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output voltage waveform is a sequence of rectangular blocks. By varying the 
switching angles, a, both the fundamental magnitude and the harmonic spectrum 
can be varied. The fundamental voltage component can also be changed by 
keeping a constant and changing Va, when a capacitor is used as the voltage 
source; in this case the harmonic spectrum remains independent of the magnitude 
of the fundamental component. 

By adding further sets of GTOs and diodes, for example in Figure 4.15, 
additional steps can be added to the output voltage waveform, increasing the 
controllability of the fundamental and harmonic content of the waveform by co- 
ordinated control of the switching instants +a, and +a. 


Figure 4.16 The chain circuit with mechanical switch analogue 


Alternative forms of multi-level converters can be built up using other 
arrangements of GTOs, diodes, and source voltage components. One important 
form of converter is the chain circuit in which several converter bridges, each with 
its own source capacitor, are connected in series as illustrated in Figure 4.16. By 
appropriate switching of the GTO and diode pairs, the dc sources are connected 
into the circuit with either positive or negative polarity or are bypassed to give 
zero voltage contribution. In principle there is no limit to the number of converter 
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bridges (or “links”) that can be connected in series in a chain to generate, directly, 
a high value of alternating voltage. 


4.3.3 Three-phase converter 


Three single-phase converters, for example of the type illustrated in Figure 4.13, 
can be connected, one per phase, to form a three-phase converter. The three 
single-phase converters can be controlled in a co-ordinated way to generate a 
balanced three-phase set of voltages. There is also freedom, under system fault 
conditions — or for compensating unbalanced loads — to control each phase 
independently, in order to assist in balancing the system while avoiding converter 
overload. When using capacitors for the dc voltage sources, the voltage in each 
phase can easily be changed independently of the other two phases if necessary. 


Figure 4.17 Three-phase Graetz-bridge converter and its output voltages 


When the primary objective of the STATCOM is to respond to balanced load 
conditions, it is convenient to use the same voltage source for all three phases; the 
three converters can take the form of a Graetz bridge as shown in Figure 4.17(a). 
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The three phase voltages are shown in Figure 4.17(b), with respect to the apparent 
neutral of the three-phase system. It will also be seen that the line-to-line voltages 
reach twice the peak magnitude of the phase voltages but are of shorter duration 
(120° conduction angle rather than 180°, due to the commutating action of the 
individual phases). As described later, this inherently eliminates third harmonic 
components from the line-to-line voltages (under balanced system conditions). 
During fault and unbalanced conditions, particular care is needed in the control 


and protection of the converters because of the use of a common dc source 
voltage. 


4.3.4 Reduction of harmonic distortion 


4.3.4.1 Harmonics in a square, or block, waveform 


The simple, single-phase, two-level inverter (Figure 4.13) produces a nominal 
square voltage waveform with a peak-to-peak magnitude equal to the dc source 


voltage Va. The fundamental component, V,, has a peak-to-peak value of Bs Vie 
m 


Due to symmetry, there are no even harmonics and the odd harmonics, V,, have a 
peak-to-peak magnitude of = Va for the nth harmonic, i.e. V, = 4, V, = 4, 
etc. 

In any three-phase circuit with isolated neutral (or delta-connected converters), 
the triplen order harmonics, 3rd, 9th, 15th etc, will be only of zero sequence and 
will not flow in the line currents, unless the supply voltage or the converter 
become unbalanced, in which case the triplen harmonics will include positive and 
negative sequence components, which will then flow into the system. 

Figure 4.18 shows the basic harmonic spectrum for a square wave with single- 
phase triplet harmonics shown dashed. 

For the three level converter shown in Figure 4.14, by introducing a switching 
angle of a before and after the nominal zero voltage crossing point, the waveform 
consists of repeated symmetrical rectangular blocks. The fundamental voltage V, 


; 4 ; ; 4 cosna 
is reduced to —cosa@ .V,, and the harmonic magnitudes become —. Vie 
z m 


for the nth harmonic. Consequently, individual harmonics can be forced to have 
zero magnitude by appropriate choice of switching angle a. 
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Figure 4.18 Harmonic spectrum of a square wave 
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Figure 4.19 Effect of variation of switching delay angle on fundamental and 
harmonics in a rectangular block wave 
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Thus the 3rd harmonic becomes zero when a = 30°, because cos 90° = 0; 
similarly the Sth harmonic becomes zero when œ = 18° (and 54°) and 7th 
harmonic becomes zero when a = 12.8° (and also 38.6° and 64.3°). Figure 4.19 
indicates the relative magnitudes of fundamental and low order odd harmonics for 
a rectangular block waveform as the switching angle is changed. 


4.3.4.2 Pulse width modulation 


Pulse width modulation (PWM) is an extension of this simple concept of 
harmonic control. The GTOs are repetitively turned on and blocked, turned on 
and blocked, turned on and blocked again, during each half cycle. The sequential 
switching instants are selected in a co-ordinated manner, to satisfy simultaneous 
requirements, i.e. to develop the desired fundamental voltage and to eliminate 
selected low order harmonics. Figure 4.20 illustrates how two poles of a 
converter can be controlled, each with 5 on/off actions per cycle, to eliminate both 
5th and 7th harmonics together. Additional, correctly timed, switchings can 
eliminate additional higher harmonic components, but there are two 
disadvantageous aspects. The usable fundamental rating and the converter 
efficiency are reduced because GTOs require significant energy (resulting in 
increased thyristor losses and heating effects) for each switching operation. In 
contrast, devices such as IGBTs and IGCTs require much lower switching energy 
and are better suited to the use of PWM techniques. 


Figure 4.20 Pulse width modulation waveforms to eliminate 5th and 7th harmonic 
components 
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Whereas PWM is essentially a technique that depends on control action and 
lends itself particularly to converters of relatively low rating and having few 
power components, the chain circuit of Figure 4.16 requires larger numbers of 
power electronic components and lends itself to good harmonic compensation and 
higher ratings. The natural switching frequency for the active devices is once per 
two cycles of power frequency and therefore GTO devices, with their high power 
handling capability, are well suited to this type of converter. 


4.3.4.3 The chain circuit ~ a multi-level arrangement 


Figure 4.16 shows that a single-phase chain with only three links can produce 
seven output levels. Each link in the chain produces its own rectangular block of 
voltage, with an amplitude equal to its own source voltage (normally all these 
source voltages are controlled to have the same value). Each voltage block 
therefore makes a contribution to the total fundamental voltage and to the total 
spectrum of harmonics. The more links there are in the chain, the more closely 
the overall waveshape approximates to a sinusoid, as seen even for 5 links (11 
levels) in Figure 4.21, This stepped waveform appears broadly similar to the 
current waveform of a conventional multi-pulse ac to dc rectifier. However, the 
rectifier waveform consists of a series of pulses of varying height but equi-distant 
in time, whereas for the chain circuit, the pulses are of equal height and the 
interval between switching instants varies. 


Figure 4.21 Output voltage of chain circuit with five “links” 


The successive switching angles of the chain circuit may be controlled in 
various ways. One technique is to co-ordinate the switching instants so as to 
minimise the total harmonic content e.g. by a least squares method. This will 
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Chapter 5 


Series compensation 


M. Noroozian, L. Angquist, and G. Ingestrom 


5.1 Introduction 


Series capacitors have been successfully used for many years in order to enhance 
the stability and loadability of high-voltage transmission networks. The principle 
is to compensate the inductive voltage drop in the line by an inserted capacitive 
voltage or in other words to reduce the effective reactance of the transmission 
line. 


V,20, V,£0, 
V,20 
tX n Pook ta Ke +jX 712 
| ly | 


Figure 5.1 A series compensated transmission system 


The inserted voltage provided by a series capacitor is in proportion to and in 
quadrature with the line current. Thus, the generated reactive power provided by 
the capacitor is proportional to the square of the current. This means that a series 
capacitor has a self-regulating impact. When the loading of the system increases, 
the generated reactive power from the series capacitor also increases. The impact 
of series compensation on a power system can be summarized as below: 


5.1.1 Steady state voltage regulation and prevention of voltage 
collapse 


A series capacitor is capable of compensating for the voltage drop of the series 
inductance in a transmission line. During low loading the system voltage drop is 
lower and at the same time the series compensation voltage is lower. When 
loading increases and the voltage drop becomes higher, the contribution of the 
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series compensation increases and therefore the system voltage will be regulated 
as desired. Series compensation also expands the region of voltage stability by 
reducing the reactance of the line and therefore might be valuable for prevention 
of voltage collapse. Figure 5.2 shows that the voltage stability limit has increased 
from P to a higher level P,. 


Bus 1 Bus 2 
Bus 3 Bus 4 
y 
P y 
Load 


Figure 5.2 Voltage profile for a simple power system 


5.1.2 Improving transient rotor angle stability 


Consider the basic one-machine infinite-bus system shown in Figure 5.3. The 
equal-area criteria is used to show the effectiveness of a series capacitor for 
improvement of transient stability. In the steady state P,=P m and the generator 
angle is â. If a 3-phase fault occurs at a point near the machine, the electrical 
output of the generator reduces to zero. At the time of clearing the fault the angle 
has increased to 6, and the trajectory will move to point D and will follow the P-5 
curve, The stability of the system will remain if Aj..>A,,.-- Figure 5.3 shows that a 
substantial increase in the stability margin is obtained by shifting upwards the P- 
curve by installing a series capacitor. 


5.1.4 Power flow control 


Series compensation can be used in power system for power flow control in the 
steady state. Compensation of transmission lines with sufficient thermal capacity 
can relieve the possible overloading of other parallel lines. 
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Figure 5.3 Enhancing the transient stability margin by use of a series capacitor 


5.1.5 Series compensation schemes 


Transmission lines can be compensated by fixed series capacitors or more 
effectively by controllable series capacitors using thyristor switches. A 
controllable series capacitor can be realized in two ways: 


e Thyristor Controlled Series Compensation (TCSC) 
e Thyristor Switched Series Compensation (TSSC) 


TCSC configurations use thyristor-controlled reactors (TCRs) in parallel with 
segments of a capacitor bank. The TCSC combination allows the fundamental 
frequency capacitive reactance to be smoothly controlled over a wide range and 
switched to a condition where the bi-directional thyristor pairs conduct 
continually and insert an inductive reactance in the line. TSSC applications uses 
thyristor switches in parallel with a segment of the series capacitor bank to rapidly 
insert or remove portions of the bank in discrete steps. Figure 5.4 shows typical 
outlines of a series compensation schemes. 

This chapter focuses entirely on TCSC. The outline of this chapter is as 
follows: 

è Section 1 describes the basic theory and the principle of operation. 

e Section 2 describes the application of TCSC for damping of electromechanical 
oscillations. 

e Section 3 explains the application of TCSC for mitigation of sub-synchronous 
resonance. | 

e Section 4 describes the layout design and protection of TCSC 
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Figure 5.4 Different configuration of series compensation 


5.2 Principle of operation 


The main circuit of the TCSC consists of a capacitor bank and a thyristor 
controlled inductive branch connected in parallel as shown in Figure 5.5. The 
capacitor bank may have a value of e.g. 10-30 Q/phase and a rated continuous 
current of 1500-3000 A rms. The capacitor bank for each phase is mounted on a 
platform providing full insulation towards ground. The valve contains a string of 
series-connected high-power thyristors with a maximum total blocking voltage in 
the range of hundreds kV. The inductor is an air-core inductor with a few mH 
inductance. A metal-oxide varistor (MOV) is provided across the capacitor in 
order to prevent overvoltages across the capacitor bank. 


Figure 5.5 TCSC main circuit components. 


The characteristic of the TCSC main circuit depends on the relative reactances 


of the capacitor bank Xe =- 


and the thyristor branch X, =@,L. The 
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resonant frequency of the LC circuit formed by the inductance in the thyristor 
branch and the capacitance in the series capacitor bank is given by 


1 -Xe 
Og = =a, | (5.1) 
* JLC l Xy 


A parameter À is defined as the quotient between the resonant frequency and 
the network frequency 


A= = §.2 
a X, (5.2) 


Reasonable values of 2 fall in the range of 2 to 4. Thus the reactance of the 
inductor is much smaller than that of the capacitor bank at rated the frequency. 
The TCSC can operate in a number of modes which exhibit different values of 
apparent reactance. In this context the apparent reactance simply is defined as the 
imaginary part of the quotient between phasors representing the fundamental of 
the capacitor voltage and the fundamental of the line current at rated frequency 


U ci 
LI 
Further it is practical to define a boost factor, K, , as the quotient between the 


apparent and the physical reactance of the TCSC: 


WP 
K, = ra (5.4) 
5.2.1 Blocking mode 


When the thyristor valve is not triggered and the thyristors are kept in non- 
conducting state the TCSC is operating in blocking mode. The line current passes 
only through the capacitor bank. The capacitor voltage phasor is given by the line 
current phasor according to the formula: 


Uc=jiX qT, Xe<0 (5.5) 
In this mode the TCSC performs like a fixed series capacitor with boost factor 


equal to one. Reference directions for voltage and current are defined in Figure 
5.5. 
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Figure 5.6 Waveforms of voltage and currents in block mode 


5.2.2 Bypass mode 


If the thyristor valve is triggered continuously the valve stays conducting all the 
time and the TCSC behaves like a parallel connection of the series capacitor bank 
with the inductor in the thyristor valve. The resulting voltage in the steady state 
across the TCSC is given by: 


-Xe 
C -i 
This voltage is inductive and the boost factor is negative. 


I Xe<0 (5.6) 


l 
Kas- (5.7) 
The waveforms in Figure 5.7 show that the valve current is somewhat bigger 
than the line current due to the current generation in the capacitor bank. When A is 
considerably bigger than unity the capacitor voltage at a given line current is 
much lower in bypass than in blocking mode. Therefore the bypass mode is 


utilized as a means to reduce the capacitor stress during faults. 
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Figure 5.7 Waveforms of capacitor voltage and currents in bypass mode (A=2.5) 


5.2.3 Capacitive boost mode 


If a trigger pulse is supplied to the thyristor having forward voltage just before the 
capacitor voltage crosses the zero line a capacitor discharge current pulse will 
circulate through the parallel inductive branch. Voltage and current waveforms are 
shown in Figure 5.8. 

The discharge current pulse adds to the line current through the capacitor 
bank. It causes a capacitor voltage that adds to the voltage caused by the line 
current. The capacitor peak voltage thus will be increased in proportion to the 
charge that passes through the thyristor branch. The fundamental voltage also 
increases almost proportionally to that charge. The charge depends on the 
conduction angle B, which is defined in Figure 5.8, and the main circuit parameter 
à according to equation 5.2. A simple mathematical formula can be obtained 
when the losses are neglected and assuming that the line current is stiff and 
sinusoidal: 


m-i AV -1 
Due to the factor tan (42) this formula has an asymptote at: 


Ky tE 2 F (arn ptm )- 02826 | (5.8) 
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Figure 5.8 Voltage and current waveforms in the capaitive boost mode 


nu 


ees 5.9 
Be 21 (5.9) 
The TCSC operates in the capacitive boost mode when: 
0< 8< Ba (5.10) 


Often the characteristics are presented using the trigger angle a as a variable 
instead of the conduction angle B that appears in the formula. The trigger angle is 
defined as the delay angle after the first occurrence of forward voltage across the 
thyristor. We have: 


Bp=n-a (5.11) 

The left-hand branch of the curve in Figure 5.9 illustrates the characteristics 
according to equation 5.8. 

The TCSC is provided with a controller with the means to influence the 
conduction angle B and means for synchronization of the triggering of the 
thyristors with the line current. Figure 5.10 shows examples of waveforms for 
different boost levels. 
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Capactive boost 


Inductive boost 
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Figure 5.9 Boost factor versus conduction angle for TCSC with A=2.5 
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Figure 5.10 Waveforms at various boost factors in capacitive boost mode for 
A=2.5 
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The main circuit of the TCSC is designed for a certain maximum capacitor 
voltage, which defines the maximum boost factor available at a certain line 
current. When the line current exceeds a certain value the boost factor thus must 
be reduced along a hyperbola giving constant capacitor voltage as is shown in 
Figure 5.11. Most often also a maximum boost factor Kma; is defined for lower 
line currents. Different curves are applied for continuous duty and short-time 
overloads. Beside the maximum capacitor voltage two other factors limit the 
operating area for the TCSC in the capacitive boost mode. First it should be noted 
that the range with K, <1 is not available within the controlled area. Secondly a 
limitation normally is provided at very low line current. This limitation has 
several causes, which are related to both the main circuit (auxiliary power) and the 
control system (noise and resolution in sensors). 


Ks 


K Bmax ia 


I, 


Í Lmin l tnominsl 
Figure 5.11 Operating area for capacitive boost mode 


5.2.4 Inductive boost mode 


In a different mode of operation the circulating current in the TCSC thyristor 
branch is bigger than the line current. This occurs if: 


0<£<f£, (5.12) 


The formula for the boost factor given in (5.8) still applies. The boost 
characteristics as a function of the conduction angle # appear in the right hand 
side branch of the curve in Figure 5.8. The voltage and current waveforms are 
shown for various boost factors in Figure 5.12. 

It can be seen from the curves that large thyristor currents result in inductive 
boost mode. Further the capacitor voltage waveform is very much distorted from 


Series compensation 209 


its desired sinuoidal shape. The peak voltage appears close to the turnon. The poor 
waveform and the high valve stress makes the inductive boost mode less 
attractive for steady state operation. 
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Figure 5.12 Waveforms in inductive boost mode for TCSC with A=2.5 


5.2.5 Harmonics 


The harmonics caused by a TCSC emerge from the harmonics in the thyristor 
branch current. Figure 5.13 shows the model that can be used for study of 
harmonic distribution. 

In Figure 5.13: 

Z, and Z, : are the corresponding harmonic impedances seen from Bus A 
and Bus B respectively. 

Zine, and Zyineg: ate the corresponding harmonic impedances of two section 
of the compensated line. 
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In the figure, the thyristor branch is modelled as a current source which injects 
harmonic current into the series capacitor bank. The series capacitor bank 
provides a low impedance path for the harmonics and very little current will leak 
into the transmission line. Generally the interest is focused on the harmonic 
content of the voltages at Bus A and Bus B and currents flowing towards Bus A 
and Bus B. 


BusA TCSC Bus B 
capacitor 


Harmonic 
current 
source 


Figure 5.13 Model for evaluation of harmonic distortion. 


The lower harmonics of the inserted voltage are proportional to K, -1 and to 
the line current amplitude. Normally the TCSC operates in the capacitive boost 
mode with a boost factor close to one. Under these circumstances only the lowest 
order harmonics, like the third and fifth harmonics, have any practical importance. 


5.2.6 Boost control systems 


The boost control system provides trigger control signals to the thyristors so that 
the desired boost level is obtained. The control system may be arranged in 
different ways and some main principles will be described in the following. 


5.2.6.1 Open loop boost control 


The most straightforward approach simply uses the steady-state characteristics as 
described above in (5.8) and in Figure 5.9. It translates a boost reference value 
Kpr into a corresponding conduction angle 2 and further into a trigger angle æ 
as defined in Figure 5.14. The synchronization normally will be derived from the 
line current rather than from the capacitor voltage as this will provide much better 
stability. Figure 5.14 illustrates this boost control approach. 

The step response time to boost reference steps is of the order of several 
hundred ms when the open loop boost control is used. It is important that the 
control system maintains sufficient margin from the asymptote in order to avoid 
overvoltages. Specifically for main circuits having high 4 the characteristic is very 
steep at high boost levels. 
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Figure 5.14 Open-loop boost control system 


5.2.6.2 Feedback boost control 


An external feedback loop may be provided in order to speed up the control 
system described above. The capacitor voltage and/or line current is measured and 
a feedback signal is sent to a regulator, which provides the trigger angle to the 
thyristors. Several feedback signals may be used e.g. boost level (equivalent to 
apparent reactance) or line current amplitude or line power transfer. 


Figure 5.15 Feedback loop 


The response time for boost control may be reduced by a factor of 2~3 as 
compared with the open loop. Further the risk of causing overvoltage when 
operating close to the asymptote is eliminated when the capacitor voltage is 
continuously measured and fed back to the regulator. 
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5.2.6.3 Boost control based on instantaneous capacitor voltage and line current 


A different type of boost control is based on a layered control structure with an 
inner contro! loop which utilizes instantaneously measured capacitor voltage and 
line current. Two different approaches use different inner control targets: 

The first approach aims at controlling the charge passing through the thyristor 
branch at a referenced value (the charge is proportional to the boost voltage). 

The second approach aims at controlling the timing of the capacitor voltage 
zero crossing. In both cases a synchronization system provides phase information 
which is derived from the line current. An algorithm that uses the measured 
capacitor voltage and line current as input, determines the thyristor-triggering 
instant The first system is shown in Figure 5.16. 


K Bref 


Figure 5.16 Boost control system using subordinated thyristor charge control 


The second system works with timing control of the capacitor voltage zero- 
crossing (equivalent to timing of thyristor current peak). The block diagram is 
shown in Figure 5.17. 

The idea of using the timing is illustrated in Figure 5.18, which shows that the 
same boost will be obtained independent of the main circuit parameters if the 
capacitor voltage zero-crossing remains at a certain instant. In a main circuit 
having negligible inductance an instantaneous capacitor voltage reversal would 
occur. Figure 5.18 shows that the boost caused by thyristor action can be 
represented by an instantaneous capacitor voltage reversal at the time when the 
capacitor voltage zero-crosses. 
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Figure 5.17 Boost control system using subordinate timing control 
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Figure 5.18 Equivalent, instantaneous capacitor voltage reversal 
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If the reversal instants can be directly controlled, the TCSC boost can easily be 
controlled as is shown in Figure 5.19. In the steady state only one equilibrium 
reversal instant exists. This unique instant is defined by the condition that the 
charge received from the line current must vanish between two consecutive 
reversals. This condition is illustrated in Figure 5.19a. When the timing of the 
reversal is phase advanced relative the equilibrium position an increase of the 
boost will occur in each reversal, Figure 5.19 b. Similarly the boost will decrease 
when the timing of the reversals is delayed beyond the equilibrium position, 
Figure 5.19(c). 


a) 


Figure 5.19 Boost control using phase control of reversal instants. 


A simple linear regulator can be used to provide phase reference for the pulse 
trains that controls the timing of the reversals in the underlying system so that the 
desired boost factor is achieved. The boost control systems that utilize 
instantaneously measured capacitor voltage and line current do have faster 
responses than the systems based on steady-state characteristics. The response 
time may be in the range of some tens of ms. 


5.3 Application of TCSC for damping of electromechanical 
oscillations 


Damping of electromechanical oscillations has been recognized as an important 
issue in electric power system operation. Application of power system stabilizers 
(PSSs) has been one of the first measures to enhance the damping of power 
swings. With increasing transmission line loading over long distances, the use of 
conventional power system stabilizers might not, in some cases, provide sufficient 
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damping for inter-area power swings. In these cases, other effective solutions need 
to be studied. 

The basic power flow equation through a transmission line shows that 
modulating the voltage and reactance influences the flow of active power. In 
principle, a thyristor-controlled series capacitor (TCSC) could provide fast 
control of active power through a transmission line. The possibility of controlling 
the transmittable power suggests the potential application of these devices for 
damping of power system electromechanical oscillations. 

A question of great importance is the selection of the input signals for the 
TCSC in order to damp power oscillations in an effective and robust manner. 
From control design and practical consideration, a desirable input signal should 
have the following characteristics: 


The swing modes should be observable in the input signal. 


e A desirable level of damping should be achieved. 


e The damping effect should be robust with respect to changing operating 
conditions. 


e The input signal should preferably be local. 


5.3.1 Model 


For power swing damping studies, a TCSC can be modeled as a variable 
reactance. Figure 5.20 shows the general block diagram of the TCSC model used 
for power swing studies: 


TCSC 
X max 


Input signal 


Control 


Figure 5.20 TCSC model as damping controller 


Network 
Interface 


TCSC 
X 


min 


Based on a control strategy a reference reactance XTCS" is determined. This 


ref 
signal is passed through a delay block. The time constant T approximates the 
delay due to the main circuit characteristics and control systems. The output of the 
model is restricted by two limits: 
1. Static reactance limit 
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2. Dynamic reactance limit 


Static reactance limits are suggested by the planner for a desirable level of 
TCSC contribution to damping of power swings. Dynamic reactance limit is a 
constraint, which is decided by the voltage across the TCSC. It means that 
whenever the voltage across the TCSC exceeds the maximum permissible value 
VACSC | the reactance should be lowered. If 1; j., 

y Tese 
XTC çm (5.13) 


Line 


is the line current, then: 


Mathematically, the TCSC reactance is modeled as: 


XE = Xe(l+ Kp) xX eX eX (5.14) 


Where X;, is the reactance of the fixed capacitor, Kp shows the degree of the 


voltage boost across the capacitor and X 7 is the apparent reactance of TCSC. 


5.3.2 TCSC damping characteristics 


In this section the fundamental control signal required for damping of 
electromechanical oscillations is discussed. To facilitate the analysis, a one- 
machine infinite-bus system is considered and the classical model for a 
synchronous machine is used. 


EZ6 VZ0 VZ0 
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Figure 5.21 System for study of damping control 


Assuming a constant mechanical power, the linearized equation of the system 
in the state space form is: 


4@|_|0 Ks | so 
sie ais as 


Where K, is the synchronizing coefficient: 
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VE 
K; = ————cosd i 
s XX, cos (5.16) 


Equation 5.16 shows that with this model the system response is purely 
oscillatory. To damp the power oscillations, supplementary power is needed to 
modulate the generated power. If the modulated power is selected as: 


AP = K„,4@ + K; 48 (5.17) 
The controlled matrix is: 
. K, K+K 
Aa ao Ss" "6 | Aw 
d- 5.18 
ai Seja 6 


The system has at most two distinct eigenvalues and in the case of an 
oscillatory response: 


1 
A2 = fos [Mako al (5.19) 


The equation above shows that only the component of Aw in (5.17) 


contributes to the damping and Ad affects only the frequency of oscillation 
(synchronizing torque). 


5.3.3 Damping of power swings by TCSC 


It is assumed that a TCSC is located on the intertie to enhance the damping of 
power swings: 


Se te n 


Figure 5.22 Study of TCSC for damping control 


VZ0 


No damping torque is assumed in the system, which means that the 
transmission system will oscillate by itself without damping and only TCSC can 
contribute to the damping. The control signal is selected as the difference between 
the speed of the machine and the infinite bus. For the reason discussed in the 
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previous section, this signal is appropriate for damping of power swings. Thus the 
control law is: 


AX, = K,4o (5.20) 


where K; is the gain. The linearized machine equations are: 


MAG = -AP 
(5.21) 
Ad =o 
where P=bEVsind with b=———/——_. The linearized controlled 
X,-X_+Xq4 
system matrix is: 
Ao) | =Keb*Esind -bEcosô | py ae 
sj M M | 46 


It is seen the damping term depends both on Ko and sind. This reveals the 
following conclusions: 
e A TCSC can enhance the damping of electromechanical oscillations. 


e The damping effect of a TCSC increases with transmission line loading. This 
is a very important feature of a TCSC, since the damping of a system normally 
is lower with heavily loaded lines. 


5.3.4 POD controller model 
Figure 5.23 shows a suggested structure for the POD regulator. 


Input 
Signal I sTw 


I+sTm I+sTw 


Figure 5.23 Structure of POD regulator 
Where 

T,, is the measuring device time constant 
T, is the washout time constant 

Kg is the regulator gain 


T,,7,7;,7, are the parameters of the phase compensation block 
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5.3.5 Choice of POD regulator parameters 


This section describes a method based on the sensitivity of eigenvalues of the 
linearized power system for determination of the POD regulator parameters. 
Figure 5.24 shows the model of a power system with a regulator: 


Ar Linearized 
+ > power system 


POD 


regulator 


Figure 5.24 Linearized power system and demonstration of eigenvalue 
displacement 


Suppose the uncontrolled power system has a critical eigenvalue A=o + jø. 
The sensitivity of this eigenvalue with respect to the gain of the regulator shows 
how the eigenvalue will change after the introduction of the regulator. Figure 5.24 
shows the displacement of the eigenvalue after the POD control action. The phase 
angle g,, shows the compensation angle which is needed to drive the eigenvalue to 
the —180 line. These angles can be obtained by a lead-lag function. 


l+sr/a Y 
H (s) =| ——— (5.23) 
l+sr 
Where 
ote 
Pig (5.24) 
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5.3.6 Numerical examples 


In this section, the application of a TCSC is demonstrated through a model power 
system. 


5.3.6.1 Example 1 


Figure 5.24 shows a two area system connected via an intertie. 


Figure 3.25 Four-machine test system 


The two-area system exhibits three electromechanical oscillation modes: 
e An inter-area mode with a frequency of 0.65 Hz in which the generating units 
in one area oscillate against those in the other area. 


e A local mode in area 1, with a frequency of 1.13 Hz, in which generator G1 
and G2 oscillate against each other. 


e A local mode in area 2, with a frequency of 1.16 Hz, in which generator G3 
and G4 oscillate against each other. 


The method of analysis is based on eigenvalue analysis of the linearized power 
system. The eigenvalues related to the electromechanical modes are shown in 
Table 5.1. 


Table 5.1 The eigen-values of the uncontrolled system 


e [o e e 
e | o e 
M E a 
D a A 
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It illustrates that while the damping of local modes is rather good, the inter- 
area mode has no damping. A controllable series capacitor is assumed to be 
located on the inter-tie to enhance the damping of the inter-area mode. The local 
variables based on the principles discussed in the previous section, are used for 
input signals. The following input signals are selected: 

e P,: Active power flow through the compensated line 


e V,,: Voltage across the compensated line 


The regulator parameters are designed for the two inputs and are given below: 
T, =1 T, =0.1274 T, =0.5907 7, =0.1274 T, =0.5907 


The impact of TCSC on damping of electromechanical modes are shown in 
Table 5.2 for the two input signals and for Ko =1: 


Table 5.2 Damping of electromechanical modes with different inputs 


ti 


B 


= 
Local GI, 
G2 
Local G3, 
G4 


Line power as input Line voltage as input 


The simulation results show that a TCSC can contribute to the damping of the 
power swings in complex systems where many modes are present. In this 
example, the regulator has been designed to damp the inter-area mode. It is noted 
that the damping of the local modes is not degraded. 


5.3.6.2 Example 2 


In this example two TCSCs and one SVC are assumed in the system. The TCSCs 
are intended for power oscillation damping and the SVC is intended for voltage 
regulation. 
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Figure 5.26 Four-machine system with several controllers 


The size of SVC and TCSC is 200 Mvar and 261 MVAR respectively. The 
maximum boost of TCSC apparent reactance is +15% of the intertie reactance. 
Table 5.3 shows different studied cases. In case I both TCSCs act as fixed 
capacitors, i.e. in blocking mode. In the second case TCSC1 is controlled but 
TCSC2 is fixed. In the third case TCSC1 is fixed and TCSC2 is controlled. In 
Case IV both TCSCs are controlled. 


Table 5.3: Simulation scenarios for the four-machine system 


ee a 
[eater [co 
[ried [oa 


The following disturbance is considered: a three-phase fault occurs at node C 
and is cleared after 100 ms with opening of the uncompensated line between Bus 
B and Bus C. The speed of the generator 1 is taken as reference and the speed 
between generator 3 and generator 1 (representative of the inter-area mode) and 
the difference between the speed of generator 2 and 1 (representative of the local 
mode) for different cases are shown in Figures 5.27 to 5.30. 

The simulation results show the effectiveness of the TCSCs for power swing 
damping. Figure 5.28 (Case II) and Figure 5.29 (Case III) show that each TCSC 
has improved the power swing damping. Figure 5.30 (Case IV) shows that the 
contribution of both TCSCs is higher than each individually. In other words the 
damping effects of the two TCSCs are additive. 
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Figure 5.27 System response with Figure 5.28 System response with 
fixed capacitors TCSCI controlled 


Figure 5.29 System response with Figure 5.30 System response with both 
TCSC2 controlled TCSCs controlled 


5.4 Application of TCSC for mitigation of subsynchronous 
resonance 


The introduction of series compensation improves the transmission system with 
respect to voltage stability and angular stability. However, at the same time an 
electrical resonance is introduced in the system. Experience has shown that such 
an electrical resonance may under certain circumstances interact with mechanical 
torsional resonances in turbine-generator shaft systems in thermal generating 
plants. This phenomenon is known as (one form of) Subsynchronous Resonance 
(SSR). Today the SSR problem is well understood and taken into account when 
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series compensation equipment is designed. Sometimes SSR conditions may limit 
the degree of compensation needed for better power system performance. The use 
of TCSC may alleviate such restrictions as will be explained in the following 
sections. 


5.4.1 The subsynchronous resonance (SSR) phenomena related to 
series compensation 


The simplest electrical representation of a transmission line is a RL circuit 
exhibiting the impedance Z=R+jX. Inserting a series capacitor with the 
reactance X,=kX (k degree of compensation) causes a series resonance at 
frequency: 


Oo, =0,Vb (5.25) 


When the compensation level is below unity the electrical resonance frequency 
will be located below the network rated frequency. The consequence of the 
existence of the electrical resonance is that substantial currents at the resonance 
frequency may be caused by voltage sources having low amplitude. Figure 5.31 
shows the impedance variation of a typical 250 km 400 kV line for 
uncompensated and 50% compensated line. 
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Figure 5.31 Line impedance with and without series compensation 


Three different types of interactions in the sub-synchronous frequency range, 
which may arise between generators connected to the network and the 
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transmission system, are normally classified as Sub-Synchronous Resonance 
(SSR) phenomena: 


5.4.1.1 Induction generator effect SSR 


Figure 5.32 shows a simplified equivalent circuit of a synchronous machine and 
the transmission line at sub-synchronous frequency. The machine has been 
represented by a circuit similar to that used for induction motors. 


R vot 
S, Xow Rma Xan Z,(@)= R, (0)+ X,(0) 
Z= ROHO gg 


> n 


Generator Transmission system 


Figure 5.32 Illustration of the induction generator effect 


The slip is negative at any sub-synchronous frequency since @ ubp < @, . This 
means that the machine contributes with a negative resistance to the total effective 
resistance of the machine and transmission system. Self-excitation of a sub- 
synchronous current might occur if an electrical resonance frequency exists (i.e. 
total reactance vanishes at that frequency). In this case the total resistance, i.e. the 
resistance in the generator plus the transmission line, is negative. In such a case 
the machine might pick up energy from the mechanical system and build up 
increasing subsynchronous currents. Such subsynchronous currents will create a 
pulsating torque together with the main flux in the generator. If the condition 
persists sufficiently long the pulsation may reach destructive levels which might 
result in damage to the shaft. This type of SSR is called induction generator effect. 
It is a purely electrical phenomenon and it may occur for all kinds of generators. 
However, the crucial point is that the contribution of negative resistance from the 
equivalent circuit rotor side must exceed the positive resistance in the lines. 

As the negative resistance is inversly proportional to slip and in view of (5.25) 
the electrical resonance comes close to the synchronous speed only for a very high 
degree of compensation. Therefore it appears that sufficient conditions for this 


type of SSR are not very likely to occur in the normal power systems with realistic 
degrees of compensation. 
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5.4.1.2 Torsional interaction SSR 


A thermal power plant consists of a turbine-generator set containing a number of 
components having substantial inertia (turbines and generator) linked together by 
a mechanical shaft system. This system exhibits mechanical torsional resonances 
with low damping at certain frequencies below the rated speed of the generator. 
The torsional mechanical oscillations will be excited by any torque transient that 
occurs. The different oscillation modes fade away with time constants up to of ten 
seconds. The subsynchronous line current together with the main flux in the 
machine creates an electrical torque pulsation. Calculations show that the torque 
generated may further increase the amplitude of the torsional oscillation in the 
turbine-generator shaft system, so that an exponentially increasing amplitude of 
the oscillation results. Such a condition might lead to shaft destruction. The 
phenomenon is known as the Torsional Interaction SSR. 

Figure 5.33 shows a simple power system which consists of one generator and 
a transmission line. The machine is represented by a fixed rotor flux which rotates 
in the stator with rated frequency w,. The machine is driven through an elastic 
shaft with the spring constant K by a prime mover. The stator is connected to a 
network that is represented by the impedance Z,. 


O, +O~r O, +Ong 


Constant y x aa 
us 


Z,@)=R,@)+ X0) 


transmission system 
Prime mover Generator Generator 


Figure 5.33 Model to determine torsional interaction SSR conditions 


Assume that the rotor rotates at the nominal angular velocity w, = 2af, , 


where f is the nominal frequency. If disturbance with small amplitude is 
superimposed on the nominal oscillation, it results in a mechanical torsional 
resonance between generator and the prime mover. From Figure 5.33 we have: 


4 . 
On =O, + Ong )— (Oy + mr) (5.26) 
This mechanical oscillations has the following impacts: 
e A sub-synchronous current J,,.,, with angular frequency @,,, = O, —@,, and a 


super-synchronous current /™P with angular frequency @™ = O, + @,, Will 
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be produced. The phase and amplitude of these currents are determined by the 
impedance of the grid and the generator at that particular angular frequency. 

e Both these currents will interact with the rotor flux and give rise to 
instantaneous contributions that can either amplify or damp the mechanical 
interactions. 


è The sub-synchronous current Z „p will give a damping contribution: 


2 
Wr Dr Ru» 
Da =-——| M 5.27 

no A ae i Gan 


Note that as long as R» is positive, D,» gives a negative contribution. The 
magnitude of D,» has a maximum value when X „p =0 or X us = Rep - 


e The super-synchronous current /*"? will give a damping contribution: 


2 sup sup 
POR TAAA E (5.28) 
2n | Oa (RY +(X") 


Note that as long as R™ is positive, D"? gives a positive contribution. 
e Ifthe natural damping of the mechanical system is D, , then the determining 
criterion to avod the risk of SSr is: 


D, + D,a +D™ >0 (5.29) 


5.4.1.4 Transient torques 


Transient torques are those that result from system disturbances. For networks that 
contain series capacitors, the transient currents will contain one or more 
oscillatory frequencies that depend on the network capacitance as well as the 
inductance and resistance. If any of these subsynchronous network frequencies 
coincide with one of the natural modes of a turbine-generator shaft, there can be 
peak torques that are quite large since these torques are directly proportional to the 
magnitude of the oscillating current. 


5.4.2 Apparent impedance of TCSC 


From the discussion above it has been clarified that the conditions for SSR depend 
on the network impedance that the machine sees at the sub and supersynchronous 
frequencies corresponding to its torsional resonance frequency @,, . 
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The reactance of a fixed series capacitor varies inversely with frequency and 
once its reactance at rated frequency has been selected, its reactance at all 
frequencies are determined. This is not the case for the TCSC as the boost of the 
TCSC depends on control actions that may change the triggering of the thyristors 
for each half-cycle of the line current. The behaviour of the TCSC at various 
frequencies depends on the response of the control system to different frequency 
components of the line current. 

At a given steady-state operation point the apparent impedance of the TCSC at 
frequency ,, is defined as follows. Assume a steady-state line current with 
rated-frequency passing through the TCSC. If a small disturbance current with 
frequency @,, is added to the nominal current, we have: 


i, ()=Reff,e™ + Are} (5.30) 


The capacitor voltage will be influenced by the disturbance. Through Fourier 
analysis of the voltage one will also find a component that has the same frequency 
as the exciting current: 


uc (t)= Re{/X ole!" + AU ce! +...) (5.31) 


The apparent impedance of the TCSC then can be defined as the complex 
quotient: 


AU ; 
Ar, 


Zp On) = Ray Om )+ IX sop (Om) = 7 (5.32) 


It should be noted that the apparent impedance is a property of the TCSC main 
circuit together with its control system and not of the main circuit only. In general 
the apparent impedance for a specific TCSC in a specific network must be 
determined by simulation or measurement. For several control schemes it has been 
reported that the apparent impedance is of resistive—inductive type. A general 
discussion will be performed here for two cases 
e Constant thyristor charge in each reversal 
e Synchronous voltage reversals 


5.4.2.1 Constant thyristor charge control 


In Figure 5.16 a subordinated control loop of the TCSC is arranged to keep the 
charge that passes through the thyristor branch constant in each reversal. To 
perform this, measured values of the instantaneous capacitor voltage and line 
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current are used as inputs to an algorithm that determines the exact trigger instant. 
If the algorithm functions perfectly no variations in the charge passing through the 
thyristor branch will occur even if the line current contains a small current with 
subsynchronous frequency in addition to the steady state line current component 
with rated network frequency. This means that the subsynchronous current must 
pass entirely through the capacitor bank and the apparent impedance of the TCSC 
will be the physical reactance of the capacitor at subsynchronous frequency. The 
differences with respect to a fixed capacitor bank from a subsynchronous 
standpoint are: 

e The physical reactance of the capacitor bank, which is the one that should be 
used for apparent impedance calculations at subsynchronous frequencies, will 
be reduced in proportion to the boost factor that the TCSC uses in the steady 
state operation. Thus less capacitive reactance will occur at subsynchronous 
frequencies. 

e The charge reference may be modulated by the external regulator in order to 
increase the damping of the electrical resonance, which is beneficial in order 
to avoid torque amplification when disturbances occur in the system 


5.4.2.2 Synchronous voltage reversal (reversal timing control) 


Figure 5.17 shows a system where the timing of the thyristor reversals are 
controlled directly by a subordinate control loop using instantaneously measured 
capacitor voltage and line current values as inputs. If the pulse train that gives 
reference for the reversals is only influenced by the steady-state line current, the 
reversal instants will remain unchanged when a small subsynchronous line current 
is added to the steady state line current. The TCSC then operates in “synchronous 
voltage reversal” mode. A simplified calculation, assuming instantaneous, 
equidistant capacitor voltage reversals at twice the rated frequency and neglecting 
losses, reveals the apparent impedance of TCSC to be 


coe (5.33) 
Os, On T 
cos) ——— 
E 4 


The function is positive in the whole subsynchronous frequency range, 
showing that the apparent reactance is inductive as illustrated in Figure 5.34. It is 
remarkable that this general result can be achieved from very few and simple 
assumptions. E.g. the boost level in steady state does not appear in the formula. 
However, in reality the subsynchronous added line current will always have some 


230 Flexible ac transmission systems 


influence on the timing through the action of the synchronization, the boost 
regulator and the external regulator. At frequencies close to the rated frequency 
therefore the apparent impedance will leave the undisturbed characteristics and get 
capacitive. 


w 


Xapp/(-Xc) 
N 


Figure 5.34 Ideal apparent reactance of TCSC operating in synchronous voltage 
reversal mode 


5.4.3 Application example 


The Forsmark nuclear power plant situated in mid Sweden is interconnected with 
the north of the country by means of a number of 400 kV lines of varying length, 
all series compensated. However, one of the generator units at Forsmark, rated 
1300 MW, is subject to SSR under certain conditions in the power grid. In normal 
operation the SSR modes do not have negative damping, but at certain network 
conditions involving specific line outages, a risk of SSR exists. The frequency of 
the critical torsional mode is 21.1 Hz, corresponding to an electrical frequency of 
28.9 Hz. The SSR in this case is related to parallel resonance in the network. 
Another mechanical mode exists at 16.1 Hz, corresponding to the electrical 
frequency 33.9 Hz. This mode however is less critical in the system. 

Part of the existing series capacitor at Stöde (30% of its totally installed 
reactance) was consequently rebuilt into a TCSC. The TCSC uses the 
synchronous voltage reversal control approach. The nominal voltage boost is 
K, =1.2. The apparent impedance of the TCSC is shown in Figure 5.35. It can be 
noted that the reactance is inductive for all frequencies below 40 Hz. 
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Figure 5.35 TCSC apparent reactance for subsynchronous frequencies 
(O=measured values) 
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Figure 5.36 Electrical damping in the original system and compensated system by 
TCSC 
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Figure 5.36 shows the electrical damping versus electrical frequency in the 
original system and after the redesign of the series capacitor. It can be seen that as 
a consequence of the change of apparent impedance at subsynchronous frequency 
the damping at the critical frequency has been moved towards a safe area. 

The SSR conditions were investigated in a power simulator during the 
development phase of the project. Figure 5.37 shows an experiment where critical 
network conditions with line outages were setup. Initially the TCSC was blocked 
and an SSR oscillation spontaneously built up. Deblocking the TCSC control 
system changed the SSR conditions and the oscillation faded away. The figure 
shows the oscillation between different parts of the turbine. 


TCSC blocked TCSC deblocked 
EO 77 7N0N>—2 202 020220 00~202——>—O 


Oscillation between LP1-HP 


Oscillation between LP1-LP2 


Figure 5.37 Impact of TCSC control in power simulator test. 


5.5 TCSC layout and protection 


The basic layout of a TCSC consists of an inductor placed in parallel with the 
series capacitor. The current through the inductor is controlled with a thyristor 
valve. A possible TCSC configuration is shown in Figure 5.38. The capacitor, 
ZnO-varistor, and the thyristor valve are placed on a platform that is insulated 
from the ground. The insulation between the platform and ground corresponds to 
the system voltage. One side of the capacitor bank is grounded to the platform. 
This means that a second insulation system is built up where the platform acts as a 
reference for the insulation levels of the equipment mounted on the platform. 
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insulated platform 


Figure 5.38 A TCSC layout 


5.5.1 TCSC reactor 


A TCSC reactor is relatively large compared to the reactor of a conventional 
series capacitor. The purpose of the reactor in a conventional series capacitor is 
mainly to limit the maximum current due to capacitor discharge, i.e. when the 
series capacitor is bypassed during severe line faults. 

The situation in a TCSC is somewhat different. Here the reactor takes an 
active part in the capacitor voltage boost process, thus the inductance must be 
chosen with respect to the thyristor valve stresses together with the required speed 
of the voltage reversals. A lower inductance would create faster voltage reversals 
with correspondingly higher capacitor discharge current amplitudes while a large 
reactor would lower the current amplitude at the cost of the voltage reversal time. 
The thyristor voltage stress and the snubber losses are connected to the current 
derivative just before the thyristor commutation, i.e. the choice of inductance is a 
trade off between voltage reversal speed and thyristor valve stress/losses. 


5.5.2 Bypass breakers 


Two bypass breakers have been included in Figure 5.38. This is a consequence of 
the relatively large reactor. The purpose of the breaker CB2, is to eliminate the 
voltage drop across the TCSC during the energization. 
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5.5.3 Capacitor overvoltage protection 


The capacitor is protected from overvoltages by means of a ZnO-varistor that is 
connected in parallel with the capacitor. During steady state conditions, all line 
current flows through the series capacitor. Following fault initiation in the 
surrounding network, high current flowing through the series capacitor will result 
in a correspondingly high voltage across the capacitor and the ZnO-varistor. The 
high voltage causes the varistor to conduct excess current and thereby limit the 
voltage across itself and across the capacitor to the protective level of the varistor. 
During this conduction period, the energy is absorbed by the ZnO-varistor. If the 
energy duty of the varistor is exceeded, due to the occurrence of extreme system 
faults, the series capacitor must be bypassed in order to prevent the energy 
capability of the varistor from being exceeded. For a conventional series capacitor 
a sparkgap offers a fast way to bypass the capacitor during extreme system faults, 
but for a TCSC this function it can be handled by the thyristor valve. 

The thyristor valve is a fast device and in contrast to a sparkgap, no 
deionization time is required before the TCSC can be reinserted upon fault 
clearing. This offers a way to reduce the energy requirement of the varistor. 


5.5.4 Thyristor valve 


There are certain design requirements that must be noted for a TCSC valve. One 
of the most important issues, is the ability to fire the thyristors during all possible 
operating conditions including: 

e Normal voltage reversals for a wide range of line currents 

e Bypass of the varistor if the energy duty is exceeded 

e Avoid blocking of the valve against high voltage 

e Avoid blocking of the valve within the recovery time of the thyristors 

e Continuos bypass of the series capacitor for a wide range of line currents. 

The thyristor valve must be able to maintain the capacitor voltage boost for a 
wide range of line currents. At low line current and low voltage boost, this means 
that it must be possible to fire the thyristors from a low voltage without any 
substantial time delay. 

The thyristor valve must be designed to handle the worst combination of short 
circuit current on the line and discharge current, that arise when the capacitor is 
discharged from the highest possible voltage, i.e. the protective level of the 
varistor. The valve must be able to handle this current for a time corresponding to 
the operating time of the parallel bypass switch, normally 3-4 periods of the 
system frequency. In cases where the TCSC is located at the end of a transmission 
line, the short circuit currents could be very high. Combined with the relatively 
high voltages across a TCSC and the objective of minimizing the number of 
thyristors in series, this calls for thyristors with both high voltage ratings and high 
surge current capability. 
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Figure 5.39 A thyristor valve 


5.5.5 Measuring system 


The measuring system of a TCSC should detect signals at high potential, i.e. the 
actual system voltage and deliver these signals down to ground potential. One way 
of doing this is to use optical fibers between the remote device mounted in the 
primary circuit and the local device mounted at ground potential. The system 
indicated in Figure 5.38, consists of optical current transformers (OCT) and an 
optical voltage transducer (OPVT). The optical fibers from the platform down to 
ground potential are hosted inside insulators and the signal column for the 
thyristor valve control fibers and cooling pipes. 


5.5.6 Capacitor voltage boost 


The most important feature of a TCSC is the ability to boost the capacitor voltage. 
An important question is how much boost capability a TCSC should have and 
how this will affect the cost of the equipment. Suppose that a TCSC has an 
apparent reactance X,,, and a physical capacitor reactance Xo and let /, be the 
line current. We have: 


X p = XcKp (5.34) 
The utilized TCSC reactive power from a system point of view is: 
Qvritized =3X li =3X Kgli (5.35) 


Installed capacitor power: 
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2 2 
Ons 2346 AKo) ay Ke p (5.36) 
Xe Xe 
Hence, for a certain apparent reactance the relation between installed and 
utilized capacitor power can be expressed as: 


Qinsaes Ky (5.37) 

Qusitized l 

High requirements regarding capacitor voltage boost and/or overload 
capability also affect the lowest possible varistor protection level. The varistor 
protection level must be chosen so that the operating voltage of the TCSC during 
normal operation and overloads is below the knee-point of the varistor 
characteristics. Otherwise the varistor will start to conduct and this conduction 
will result in heating of the varistor. 


5.5.7 Fault handling 


The strategies for thyristor control action during the duration of faults and the 
control sequences executed thereafter will greatly impact how fast the TCSC can 
establish normal operation after fault clearing. When the fault current is very high 
and exceeds the maximum line current due to external faults, mechanical breaker 
bypass will always be commanded and also the line breakers will operate (as an 
internal fault must be present). Thus the obvious strategy is to command the 
thyristor valve to bypass as soon as this condition is recognized. If, on the other 
hand, a fault causes low line current (below the maximum overload current level), 
the TCSC will continue to operate in its capacitive boost mode and also in this 
case the strategy is obvious. Therefore the discussion should focus on faults that 
create line fault current that is beyond the maximum overload current level but 
below the maximum external fault current level. 

Basically two approaches may be considered: 

The TCSC is commanded to bypass the fault current and await fault clearing. 
As soon as the line currents have become normal the TCSC will return into CAP 
boost mode. 

The TCSC is commanded to block during the duration of the line fault and 
await the fault clearing. When the line current returns to normal operating level 
the TCSC will restart in CAP boost mode. 

The strategy using valve bypass during the fault duration appears the most 
appropriate one for the following reasons: 

Consistent actions for all over-current situations; the TCSC must be bypassed 
during internal faults with heavy surge currents. 

No accumulated energy in the MOVs will occur during faults. 

No charges will be trapped in the capacitors when the line breaker opens; no 
capacitor discharge required. 


Series compensation 237 


Capacitor voltage will have less offset voltage after fault clearance thereby 
facilitating the reentering of the capacitive boost mode of the TCSC. 


Ste Le ot See 


Figure 5.40 The TCSC in Stöde, Sweden 


5.6 Static synchronous series compensator (SSSC) 


The use of a shunt-connected voltage source inverter has been described in 
Chapter 3. The device which is called a static synchronous compensator (SSC) or 
STATCOM is primarily used for voltage control in power systems. A voltage- 
source inverter could be used in series in transmission. This device is called static 
synchronous series compensator (SSSC). 
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5.6.1 Principle of operation 


Figure 5.41 shows a voltage source inverter connected in series via a transformer 
to a transmission line. A source of energy is needed to provide the DC voltage 
across the capacitor and supply the losses of VSI. 


V,20, V,20 
| + jX 1 in 0, +e- nee + jX1, : | i 
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Energy Source 


Figure 5.41 The basic configuration of an SSSC 


In principle, an SSSC is capable of interchange of active and reactive energy 
with the power system. However if only reactive power compensation is intended, 
the size of the energy source could be quite small. The injected voltage could be 
controlled in magnitude and phase if sufficient energy source is provided. For the 
reactive power compensator function, only the magnitude of the voltage is 
controllable since the vector of the inserted voltage is perpendicular to the line 
current. In this case the series injected voltage can either lead or lag the line 
current by 90 degrees. This means that the SSSC can be smoothly controlled at 
any value leading or lagging within the operating range of VSI. Thus the 
behaviour of an SSSC can be similar to a controllable series capacitor and a 
controllable series reactor. The basic difference is that the voltage injected by 
SSSC is not related to the line current and can be independently controlled. The 
importance of this characteristic is that an SSSC is effective for both low and high 
loading. 


5.6.2 SSSC model for load flow and stability analysis 


We consider a general case when SSSC can interchange both active and reactive 
power. Obviously, the special case of a reactive compensation scheme could be 
derived from the general equations by considering the right angle between the 
inserted series voltage and the line current. 

Suppose a series-connected voltage source is located between nodes i andj in 
a power system. The series voltage source can be modeled with an ideal series 
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voltage V, in series with a reactance X,. In Figure 5.42, V, models an ideal 


voltage source and V; represents a fictitious voltage behind the series reactance. 
We have: 


Vi=V, +V, (5.38) 
The series voltage source V, is controllable in magnitude and phase, i.e: 
V, =rV,e!” (5.39) 
where 0 <7 < raa and0 <y< 2z. 
V, £0, 


V; Xs 


2 l > 
Ij B 


Figure 5.42 Representation of a series connected voltage source 


The equivalent circuit vector diagram is shown in Figure 5.43: 


Figure 5.43 Vector diagram of the equivalent circuit of VSC 


The injection model is obtained by replacing the voltage sourceV, by the 


current source I, = —jb,V, in parallel with the line where b, = a : 
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V, £6 Kya V; £6; 


Figure 5.44 Replacement of a series voltage source by a current source 


The current sources J, corresponds to the injection powers S, and S ,,, where: 
Sa =V,(-1,)° (5.40) 
S =V (5.41) 
The injection power S,, and S, are simplified to: 
S, =V,| jb,rV,e" |’ =-b,r¥;? siny- jb,rV,2c08y (5.42) 


If we define: 0; = 0, - 9; , we have: 
S, =Vi- sbrVje" | 
=brV, V, sin(Q, + y)+ Jb,rV, V,cos(6, + 7) (5.43) 


Based on the explanation above, the injection model of a series connected 
voltage source can be seen as two dependent loads as shown in Figure 5.45. 


V, £0 V, £0, 
Xs 


P, =rb, V? sin y P, =-rb,V,V, sin (9,+7) 
Q,=1rb,V cosy Q,=-rb, V,V,cos(6, +7) 
Figure 5.45 Injection model for a series connected VSC 


The injection model could easily be incorporated in loadflow and stability 
programs. 
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5.6.3 Power interchange 


The apparent power supplied by he series voltage source is calculated from: 


Sys =V 1 i 
BE (VM (544) 
LOA 
Active and reactive power supplied by series VSI are distinguished as: 
Pys = 7b,V,V,sin(0,- 6,+7)-rb, V;’siny (5.45) 
Ovs = —7b,V, V,cos(@, -6,+ y} rb, V; cosy+r?b,V,? (5.46) 
5.6.4 Applications 


The general application of a controllable series capacitor is valid for SSSC. 
Namely, power flow control, voltage, and angle stability enhancement. The fact 
that an SSSC can induce both capacitive and inductive series voltage on a line, 
widens the operating region of the device. For power flow control, an SSSC can 
be used both for increasing and decreasing the flow. For stability it gives a better 
possibility for damping of electromechanical oscillations. However the inclusion 
of a high-voltage interphasing transformer in the scheme, causes a big cost 
disadvantage as compared to controllable series capacitors. The transformer also 
decreases the performance of the SSSC due to introducing extra reactance. This 
deficiency might be overcome in future by introducing transformerless SSSC. The 
scheme also calls for a protecting device that bypasses the SSSC at high fault 
currents through the line. 
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Chapter 6 


Phase shifter 


M.R. Iravani 


6.1 Introduction 


Power transformers are widely used in electric power systems for in-phase and/or 
phase-angle voltage regulation [1]. Voltage regulation is carried out either under- 
load (on-load) or off-load conditions. In this document, the term ‘phase shifter’ 
refers to an assembly of one or more power transformers that provides regulation 
on magnitude and/or phase-angle of voltage under both on-load and off-load 
conditions, for a three-phase electric power system. 

Conventional applications of phase shifters are for steady-state (1) power flow 
regulation and (2) voltage regulation. Availability of power semiconductor 
switches and converter topologies, for implementation in phase shifters’ 
assemblies, widens the scope of applications of phase shifters beyond their 
original roles. In addition to steady-state power flow and voltage regulation, 
semiconductor-controlled phase shifters can also be used for (1) power quality 
enhancement, (2) dynamic voltage control, (3) mitigation of small-signal 
dynamics, and (4) transient stability enhancement. 

Main objectives of this chapter are to describe (1) principles of operation, (2) 
operational characteristics, (3) technical merits and limitations, (4) various circuit 
configurations, and (5) applications of phase shifters that use semiconductor 
technology in their power circuit assemblies. 

The rest of this chapter is organized as follows. Section 6.2 introduces a 
generic configutation for a phase shifter and describes functions of its 
fundamental components. The configuration is used to describe principles of 
operation of a phase shifter. Section 6.3 describes a steady-state representation 
and mathematical model for a phase shifter. Based on the model, operational 
characteristics of a phase shifter under steady-state conditions are deduced in 
Section 6.4. Various power circuit configurations for phase shifters are illustrated 
and described in Section 6.5. Applications of phase shifters in electric power 
transmission and distribution voltage levels are briefly described in Section 6.6. A 
summary of the chapter is given in Section 6.7. Section 6.8 provides a list of 
references that provide further details of the materials presented in this chapter. 
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6.2 Principles of operation of a phase shifter 


Figure 6.1 shows a schematic representation of a phase shifter. The phase shifter is 
installed in a transmission line between buses E and B. The power system external 
to the phase shifter is represented by voltage phasors V, and V, and the 
corresponding impedances Z, and Z, respectively. Power circuitry of the phase 
shifter is comprised of: 

e Exciting Transformer (ET), 

e Boosting Transformer (BT), 

e and converter circuit. 

The exciting transformer provides input voltage to the phase shifter. The 
boosting transformer injects a controlled voltage in series in the system. 
Magnitude and/or phase-angle of the injected voltage is controlled by the 
converter. Figure 6.1 illustrates that, depending on the magnitude and phase- 
angle of the injected voltage V,, magnitude and/or phase-angle of the system 
voltage V, is varied. 


Sse ee” 


Figure 6.1 (a) Schematic diagram of a phase shifter; (b) Voltage phasor diagram 


Phasor relationship among V,, Vp and V, is also illustrated in Figure 6.1. The 
circle identifies a region where the tips of V, and V, can be located. Magnitude 
and/or relative phase-angle of the injected voltage, i.e. |V,| and ø, are used to 
control (1) voltage at bus B and (2) real power transfer (P) of the line. 


P=(V,|Vq|/Xeq)sin(5s -r + 5p) (6.1) 
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where X, is the net equivalent reactance of line, and 5, and 5, are phase-angles of 
phasors V, and V, respectively. Based on equation (6.1) the angle 6, is the 
dominant variable for power flow control. The range of angle 5, that a phase 
shifter can provide, primarily depends on the characteristics of the converter 
circuitry. 

The converter section of a conventional phase shifter comprises mechanical 
switches which are usually embedded within the exciting transformer and may not 
be readily identifiable as a separate unit [1]. A conventional phase shifter can 
vary angle 5, approximately within +30 degrees in discrete steps of about 1 to 2 
degrees. Figure 6.2 illustrates a simplified diagram of a conventional phase shifter 
[2]. Phase-angle and magnitude of the injected voltage V, in Figure 6.2 are 
adjusted by mechanical switches SW, and SW.. 


+V, 


Ve 


+V, 


Ve 
b 


Figure 6.2 (a) Schematic diagram of a conventional phase shifter; (b) Voltage 
phasor diagram 


Various circuit configurations for the realization of conventional phase shifters 
are described in References 1, 2 and 3. Major technical drawbacks associated 
with a conventional phase shifter are: 

e Slow response due to the inherent inertia of mechanical switches 
e Limited life-time and frequent maintenance requirement due to mechanical 
wear-out and oil deterioration 
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The first technical drawback limits the applications of conventional phase 
shifters only for steady-state power-flow and voltage regulation. The latter 
drawback is partially overcome by means of semiconductor-assisted phase shifter 
configurations [4]. Conventional and semiconductor-assisted phase shifters are 
not the subject of this chapter and are not discussed any further. 

Technical drawbacks of a conventional phase shifter are conceptually 
overcome if its mechanical converter (mechanical switches) is substituted by a 
semiconductor (static) converter. Hereinafter the term Static Phase Shifter (SPS) 
is used to distinguish semiconductor-controlled phase shifters from conventional 
(mechanical) phase shifters. The IEEE FACTS Working Group [5] defines a 
Thyristor Controlled Phase Shifting Transformer (TCPST) as "a phase-shifting 
transformer, adjusted by thyristor switches to provide rapidly variable phase 
angle". It should be noted that TCPST defines a sub-group of apparatus under the 
more general category introduced by the term SPS. 

Direct substitution of mechanical switches of a phase shifter by semiconductor 
switches does not lead to the optimum technical/economical utilization of the 
overall phase shifter circuit. This has resulted in an ongoing investigation of 
various power electronic circuits to be used as SPS converters. 


6.3 Steady-state model of a Static Phase Shifter (SPS) 


Figure 6.3 is a three-phase schematic representation of a SPS. Figure 6.4 is a 
single-phase representation of the system under a steady-state operating 
conditions. System S (R) is approximated by a voltage source V, (V,) behind 
impedance Z, (Z,). Z, and Z, represent impedances of ET and BT respectively. 
V, is the injected voltage by BT in the system. 


For the sake of simplicity (without the loss of generality) assume that in the 

system of Figure 6.4: 

e ET and BT are ideal, i.e. Z, and Z, are negligible. 

e The converter is lossless and also does not exchange reactive power with the 
system. 

Thus the converter is an ideal device that provides the required magnitude 
and/or phase-angle conversion between the corresponding windings of ET and 
BT. 

Based on the above assumptions one can deduce 


Va = kV exp ø) (6.2) 
where k =|V,|/\V,| and 
ġ is the phase angle between V, and V,. 
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system 


Figure 6.3 Three-phase schematic diagram of an SPS 
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Figure 6.4 Single-phase schematic diagram of Figure 6.3 


The above assumptions also imply that the SPS configuration neither absorbs 
nor injects power with respect to the power system. 


S, +S, =0 (6.3) 
or Vala = Valp (6.4) 
Qe = Op (6.5) 
P, =P, (6.6) 


Substituting for V, in Equation (6.4) from Equation (6.3) yields 
Ig = kIgexp(—j¢) (6.7) 
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It should be noted that if the converter is capable of reactive power exchange 
with the system through ET and/or BT, e.g. converters corresponding to SPSs of 
Sections 6.5.4 and 6.5.5, then equation (6.5) is not necessarily valid unless the 
SPS control system imposes the necessary condition(s). 

Equations (6.3) to (6.6) imply that a SPS can be represented by two mutually- 
dependent voltage sources as illustrated in Figure 6.5 

Equivalent models illustrated in Figure 6.5 can be further generalized to 
include converter losses and impedances Z, and Z, [6]. 


Figure 6.5 (a) Equivalent Circuit of an SPS (SPSs described in Sections 6.5.1 to 
6.5.3); (b) Equivalent circuit of an SPS (SPSs described in Sections 6.5.4 and 
6.5.5) 


Figure 6.6 Equivalent circuit of a radial line and an SPS 
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6.4 Steady-state operational characteristics of SPS 


The main objective of this section is to highlight the impact of an SPS on 
electrical quantities, e.g. reactive power flow and the line voltage profile. Figure 
6.6 is a single-line diagram of a transmission line which is equipped with an SPS. 
The SPS is represented by the model illustrated in Figure 6.5(a), and it neither 
absorbs nor injects reactive power. 

The SPS is located at the middle of the line (X,=X,=0.40 per unit). The 
sending and the receiving end voltages are 


V; = 1240°perunit 


Vg =120°perunit 


ge 
o 
o 

Real Power (P.U.) 


(a) (b) 


Figure 6.7 Effect of quadrature-phase voltage injection on voltage and real power 
(Xs = Xp = 0.4 p.u.,g = 90°, V; =1240° p.u., Vp =120° p.u) 


The equations that govern the system electrical variables are 
Va = kVpexp( jø) (6.8) 


T, = kIgexp(—j¢) (6.9) 
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I, =Iq + 1p (6.10) 
I, =p (6.11) 
V- jXgI,—Vp_ =0 (6.12) 
1.4 
1.2 
3 1 
© = 
o a 0.8 
È k 
S È 0.6 
3 36 
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Figure 6.8 Effect of quadrature-phase voltage injection on current and reactive 
power components (X; = Xp = 0.4 p.u., ø = 90°, V; =1240°, Vp =120°) 


where k=|V,|/\V,| and angle ọ is kept constant at 90°. Figure 6.7 shows 


variations of electrical quantities obtained from simultaneous solution of 
equations (6.8) to (6.13) when parameter k is varied between 0 to 0.3. Figure 
6.7(a) shows that the injected quadrature-phase voltage V, varies between 0 to 
0.26 per unit as k varies between 0 to 0.3. Correspondingly V, changes from 0.94 
to 0.87 per unit. Voltage injection increases power transfer from 0.80 to 1.05 per 
unit, Figure 6.7(b). The increase in power transfer is accompanied by a noticeable 
increase in reactive power demand from the sending end, i.e. -0.29 to -0.62 per 
unit, while the change in reactive power demand from the receiving end is 
noticeably less, Fig. 6.8(a). If the sending end cannot provide the required 
reactive power, the phase shifter cannot increase the real power transfer of the 
line. Figure 6.8(b) shows that the phase shifting process noticeably increases the 
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line current, particularly the sending end current, and the exciting branch current 
of the phase shifter. Equations (6.8) to (6.13) also can be used to investigate 
impact of various system parameters and operating points on the mutual impacts 
of the system and the phase shifter. For example imposing the condition 
X,+5,=0.8 per unit and varying X, from 0 to 0.8 per unit, can be used to 
investigate the effect of phase shifter location on power transfer. 


6.5 Power circuit configurations for SPS 


This section describes various power circuit configurations for static phase 
shifting. The grouping is primarily based upon the types of power electronic 
circuits used as converter sections of SPSs. Some of the configurations use two 
distinct transformers as boosting and exciting transformers. Other configurations 
eliminate one transformer and combine the functions of the two in one 
transformer. 

In an SPS configuration where a distinct boosting transformer is used, e.g. SPS 
of Figure 6.1, the primary winding is connected in series with respect to the 
system. This type of transformer connection is the same as that of an instrument 
current-transformer (CT). Therefore, the terminals of the secondary winding of 
the transformer must be either shorted (ideal scenario) or must be connected 
through a small impedance to provide a path for current flow under all system 
conditions. Power electronic converters of some SPS configurations, e.g. that of 
Section 6.5.4, provide the required current path. If the SPS converter circuit is not 
capable of providing the current path under all conditions, an auxiliary circuit 
must be included to ensure a current path. The auxiliary circuit is usually a power 
electronic circuit which operates in coordination with the SPS converter. 

The primary winding of an exciting transformer, Figure 6.1, is connected in 
parallel with respect to the power system. Therefore, a short-circuit of its 
secondary winding is equivalent to a fault for the system. Various combinations 
of on/off states of the converter switches must not result in a short-circuit path for 
the secondary windings of the exciting transformer. 


6.5.1 Substitution of mechanical tap-changer by electronic switches 


Figure 6.9 shows a schematic diagram of an SPS which is constructed from a 
conventional phase shifter by direct substitution of mechanical tap-changer 
(switches) of BT with electronic switches Sp, to S,, [7]. Sg; and Sp are realized 
from anti-parallel connection of conventional thyristor switches. S, is open when 
either of S,,s is conducting. S, provides a short-circuit path for the secondary 
winding of BT when all Ss are open. Control logic of the SPS must prevent 
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simultaneous conduction of two or more S,,8 to avoid partial secondary winding 
short-circuit of ET. 

Sg; is not phase controlled. The SPS control system turns on the desired S, at 
the corresponding current zero-crossing. When S,, is conducting (and all other 
S,,8 are open), the maximum voltage is injected in the system. The minimum 
voltage is injected when Sp, is conducting. Magnitude of the injected voltage is 
adjusted in either equal or unequal discrete steps between the maximum and the 
minimum values. The number of steps is determined by the number of switches. 
Depending on either delta or star connection of the primary windings of ET, the 
injected voltage is either in quadrature-phase or in-phase with respect to the 
corresponding system phase voltage. In-phase voltage injection can be used for 
rapid compensation of voltage sag in sub-transmission and distribution systems. 


Figure 6.9 (a) Schematic diagram of a SPS based on substitution of mechanical 
tap-changer by electronic switches; (b) Switch structure; (c) Voltage phasor 
diagram 


Phase-angle regulating transformers are conventionally used for steady-state 
(slow) power flow regulation [8]. Dynamic (fast) power flow control can be 
achieved if mechanical tap-changer of a phase-angle regulating transformer is 
substituted by bidirectional thyristor switches [9]. Application of forced- 
commutated electronic switches for substituting mechanical tap-changer of 
distribution level transformers is reported in References 10 and 11. 
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6.5.2 AC controller 


6.5.2.1 Line-frequency ac controller 


Figure 6.10 shows schematic diagram of an SPS in which a three-phase ac 
controller is used as an interface converter between ET and BT [12]. 
Bidirectional switches S,,, Sp and Sp are composed of antiparallel connected 
thyristor switches. Delay-angle control strategy is adopted to determine the turn- 
on instant of each thyristor. Corresponding to each phase, ET provides a leading 
(lagging) quadrature-phase voltage component +V, (-V,) with respect to the 
system voltage. Magnitude of the injected voltage (V,) is determined by the 
delay-angle of S,, (S,,). During the time interval, in each cycle, when S,, (5,,) is 
not conducting, Sp must conduct to provide a path for the secondary side current 
of BT. Boosting (bucking) mode of operation is the case when +V, (—-V,) is 
injected in the system. If the system requires only voltage boosting (bucking), ET 
does not need to have a centre-tap connection and Sp, (S,,) can be spared [13]. 
The SPS of Figure 6.10 also can be used for in-phase (180° out-of-phase) voltage 
injection, if the primary side windings of ET are star-connected [14-15]. A 
scheme for four-quadrant phase-angle control is reported in Reference 
16.Technical drawbacks associated with the SPS of Figure 6.10 are: 


Figure 6.10 (a) Schematic diagram of an SPS based on line-frequency ac 
controller; (b) Switch structure; (c) Voltage phasor diagram 
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e Firing-angle control of thyristor switches Sp, S,,, and Sp generates harmonic 
voltage components in addition to the fundamental frequency voltage 
component. Injection of harmonic voltage components can be of concern 
with respect to the power quality of the system. 

e Necessary conditions to turn-on each thyristor switch depend on the system 
operating condition, i.e. phase-angle between corresponding currents and 
voltages. There exist operating scenarios for which the necessary conditions 
to turn-on the required thyristor switch are not satisfied. Therefore, the SPS 
may not be able to provide voltage control under all possible system 
operating conditions. 


6.5.2.2 Pulse-width modulation (PWM) ac controller 


Limitations of the SPS of Figure 6.10 are conceptually overcome, if a three-phase 
PWM ac controller is used as the converter section. Figure 6.11 shows a 
schematic diagram of an SPS [17] based on a three-phase PWM ac controller. 
Each of switches Sp» Se» and Sp, is composed of antiparallel connection of a diode 
and a semiconductor switch with on-off control capability (forced-commutation), 
e.g. a GTO thyristor. A PWM switching pattern is used to turn the switch on and 
off [18]. When the forced-commutated switch of Sp, (S,,, 5,,) is on, the 
corresponding secondary windings of ET and BT are electrically connected. 
Current flow is either through the forced-commutated switch or its antiparallel 
diode, depending on the current direction. When Sp, (Sp 5,,) is off, forced- 
commutated switch S, through a three-phase diode-rectifier provides a free- 
wheeling path for the secondary side current of BT. 


Figure 6.11 (a) Schematic diagram of a PWM ac controller based SPS; (b)Switch 
structure; (c) Voltage phasor diagram 
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The magnitude of the injected voltage is controlled by varying the conduction 
interval (duty-cycle control) of the forced-commutated switches. ET provides in- 
phase and quadrature-phase voltage if its primary windings are either star- or 
delta-connected respectively. The technical merits of an SPS based on a PWM ac 
controller are as follows. 

e High frequency PWM switching patterns shift harmonic voltage components 
to high frequency range. High frequency harmonic components do not 
propagate widely and are technically easier to be filtered. 

e In comparison to a line-frequency ac controller, the required conditions for 
proper operation of a PWM ac controller are not dependent on the operating 
point of the system. 

e A PWM ac controller provides higher speed of response for an SPS as 
compared with a line-frequency ac controller. A PWM ac controller results in 
higher switching losses when compared with a line-frequency ac controller. 
Switching loss depends on the PWM switching frequency. An alternative 
configuration for a PWM ac controller based SPS is described in [19]. 


6.5.3 Single-phase ac-ac bridge converter 


6.5.3.1 Delay-angle controlled ac-ac bridge converter 


Figure 6.12 shows a schematic diagram of an SPS that uses single-phase ac—ac 
bridge converter for quadrature-phase voltage injection. Each leg of the converter 
consists of a bidirectional switch. The bidirectional switch is realized from anti- 
parallel connection of thyristor switches. The magnitude of the injected voltage is 
determined by the delay-angle (firing-angle) control of the thyristor switches [20]. 
The main drawback of delay-angle control is voltage harmonic generation. 


6.5.3.2 Discrete-step controlled ac-ac bridge converter 


Harmonic generation as a result of delay-angle control of a single-phase ac~ac 
bridge converter is avoided, if discrete-step control strategy is used. In discrete- 
step control, each thyristor switch is turned on only at the zero-crossing instant of 
the corresponding voltage. Figure 6.13 shows a single-line diagram of a discrete- 
step controlled ac—ac bridge converter and its output voltage (V,,). Figure 6.13 
shows that the converter output voltage can have three distinct values of +V,, 0 
and —V, independent of the direction of current i. Simultaneous on-state of 
switches S, (S,) and S, (S,) constitutes a short-circuit across the input voltage 
source V, and must be prevented by the control logic of the converter. If all 
switches Sj to S4 are simultaneously off, then load current i is interrupted. This 
condition also must be prevented by the control logic. 
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Figure 6.12 Schematic diagram of a SPS based on delay-angle controlled ac-ac 
converter bridge 
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Figure 6.13 (a) Single-phase ac—ac bridge converter; (b) Output voltage of 
bridge converter based on discrete-step control 
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Figure 6.14 shows schematic diagram of an SPS based on multiple discrete- 
step controlled ac-ac converter bridges [21-22]. Injected voltage is in 
quadrature-phase with respect to the corresponding system phase voltage. The 
magnitude of the injected voltage is adjusted in discrete steps by the converter. 
The number (N) of the secondary windings of ET is equal to the number of bridge 
converters. The turns ratios of the windings can be either equal or unequal. For 
the system of Figure 6.14 the turns ratios differ by a factor of three. This 
arrangement generates (3N=27) discrete-step voltage levels to be injected in the 
system [21]. 


Figure 6.14 (a) Schematic diagram of an SPS based on discrete-step ac-ac bridge 
converter; (b) Switch structure; (c) Voltage phasor diagram 
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Reference [23] describes an SPS configuration based on a discrete-step 
controlled ac—ac bridge converter which provides voltage injection in four 
quadrants. This SPS configuration needs two exciting transformers. One of the 
exciting transformers can be spared at the expense of a more complicated winding 
structure of the remaining transformer, while discrete-step control over both 
magnitude and phase-angle of the injected voltage is retained [24]. 
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Figure 6.15 (a) Schematic diagram of an SPS that does not use a boosting 
transformer; (b) Voltage phasor diagram 


Figure 6.15 shows an SPS configuration which does not use a boosting 
transformer and directly inserts ac—ac bridge converters in the transmission line 
[25]. The structure of each single-phase bridge is the same as that of Figure 5.14 
(b). The injected voltage V, is a combination of three components, V,,, V,,, and 
Vp These voltage components are provided from the three phases of ET. ET is 
either star-connected or delta-connected at the primary side. The phasor diagram 
of Figure 6.15 illustrates that both magnitude and phase-angle of the injected 
voltage V, is controlled in discrete steps. 

Figure 6.16 provides a configuration for voltage injection based on the use of 
tap windings of a step-up (or step-down) power transformer [24]. The 
configuration can be considered as an SPS which requires neither a boosting 
transformer nor an exciting transformer. Single-phase ac-ac bridge converters 
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control the injected voltage supplied by the tap windings. Both magnitude and 
phase-angle of the injected voltage are varied in discrete steps. References [26] 
and [27] describe two simplified versions of the SPS of Figure 6.16. The SPS of 
[26] injects a fixed magnitude with an angle of either +60° or -120° with respect 
to the system phase voltage. The configuration of [27] injects either an in-phase 
or 180° out-of-phase voltage with respect to the system phase voltage. The 
configuration of [27] is primarily intended for rapid voltage-magnitude regulation, 
e.g. voltage sag compensation, and not for phase shifting. 


i af 


Figure 6.16 (a) Schematic diagram of an SPS which does not require exciting 
and boosting transformers; (b) Converter structure; (c) Switch structure; (d) 
Voltage phasor diagram 
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6.5.4 PWM voltage source converter (VSC) 


The SPS of Figure 6.17 uses an ac—dc—ac converter system as the converter 
interface between exciting and boosting transformers [24 and 28-29]. The 
converter system is composed of two PWM voltage source converters (VSCs) that 
share a dc-link capacitor. Each VSC is a three-phase full-bridge configuration. 
Each arm of the bridge consists of a bidirection switch which is composed of 
antiparallel connection of a diode and a switch with turn on-off (forced- 
commutation) capability, e.g. GTO thyristor. 


Figure 6.17 (a) Schematic diagram of a SPS based on PWM VSC converter; (b) 
Switch structure; (c) Voltage phasor diagram 


VSC, provides independent control of magnitude and phase-angle of the 
injected voltage. VSC, regulates the dc-link capacitor voltage. VSC, can also 
provide reactive power compensation for the system and consequently control the 
magnitude of V,. In contrast to the SPS configurations described in previous 
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sections, a VSC based SPS can absorb/inject reactive power. The steady-state 
equivalent circuit of a VSC based SPS is illustrated by Figure 6.5 (b). A VSC 
based SPS provides independent, continuous control over real and reactive flow of 
the line. The circled area of the phasor diagram of Figure 6.17 encompasses the 
area that the tip of vector V, can be continuously varied within. 

In addition to its function as an SPS, the configuration of Figure 6.17 also can 
operate as a shunt compensator, series compensator, and shunt/series active power 
filter. In the technical literature this configuration is more widely known as 


Unified Power Flow Controller (UPFC). UPFC is the subject of a separate 
chapter in this book. 


6.5.5 PWM current source converter (CSC) 


The ac—dc—ac converter section of Figure 6.17 also can be realized from PWM 
current source converters instead of PWM VSCs. Figure 6.18 shows a schematic 
diagram of an SPS which is based on PWM CSCs [30]. The converter section is 
composed of two three-phase PWM CSCs that share a series dc-link reactor. Each 
CSC is a three-phase full-bridge configuration. Each arm of the bridge consists of 
a switch with turn-on and turn-off capability, e.g. a GTO thyristor. 
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Figure 6.18 (a) Schematic diagram of a PWM CSC based SPS; (b) Switch 
Structure 
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CSC, regulates line power flow through control of the line current [30]. This 
is in contrast to the principles of operation of the VSC based SPS of Figure 6.17 
where magnitude and phase-angle of the injected voltage are controlled. The 
main function of CSC, is to control the dc link current. A CSC directly controls 
its ac side current and provides inherent overcurrent protection for semiconductor 
switches during system fault scenarios. A VSC has no inherent over current limit 
capability and must be protected, e.g. bypassed, during transient conditions by 
means of auxiliary devices. 


6.5.6 Other SPS circuit configurations 


The SPS configurations presented in Figures 6.9 to 6.18 are intended to illustrate 
the main electrical components and basic converter circuits. Corresponding to the 
SPS of Figure 6.17, References 31 and 32 describe elaborate arrangements of 
VSCs to meet practical constraints, e.g. switch ratings, and operational 
requirements, e.g. harmonics. Reference 24 briefly introduces the concept of 
augmenting conventional phase shifters with VSCs to provide capability for rapid 
small-signal phase-angle regulation. Reference 33 and 34 introduce two circuit 
configurations for in-phase voltage injection for distribution voltage levels. 


6.6 SPS applications 


6.6.1 Steady-state 


Similar to conventional (mechanical) phase shifters, SPSs can be used for steady- 
state power flow and/or voltage regulation. An SPS regulates steady-state power 
flow primarily by adjusting the phase-angle of the system voltage by means of 
voltage injection. Voltage injection by means of an SPS directly impacts reactive 
power flow through the line and reactive power demand from both ends of the 
line. The SPS configurations of Figures 6.17 and 6.18 can control real power and 
reactive power independently. This indicates that for a pre-specified value of real 
power flow, the SPS can absorb/inject appropriate reactive power and maintain 
reactive power flow and reactive power demand from both ends within 
permissible operational constraints. 

In contrast to the SPSs of Figures 6.17 and 6.18, the SPS configurations of 
Figures 6.9 to 6.12 and 6.13 to 6.16 cannot independently control real and reactive 
power flows. If the SPS adjusts real power flow to a pre-specified value, reactive 
power flow and reactive power demand from both ends of the line are determined 
by the overall system parameters and the operating condition. If reactive power 
flow through the line or reactive power demand from each end of the line violates 
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the operational constraints, real power flow has to be respecified and accordingly 
adjusted. This may impose severe constraints on the range of real power control 
by a SPS, particularly in the case of (1) long transmission lines and (2) when 
either end of a line is a relatively weak system. 

Steady-state power flow control by means of a SPS can be used for: 

e power flow regulation of a transmission corridor, 
e power sharing among parallel lines, 
e and loop-flow prevention [35]. 

Similar to mechanical on-load tap-changing transformers, SPSs can be used 
for steady-state voltage regulation at distribution voltage levels. In contrast to 
mechanical tap-changers, SPSs can restore voltage in response to system 
dynamics, e.g. faults on adjacent distribution feeders and load energization. A 
steady-state mathematical model of an SPS is described in Section 6.3. 
Implementation of a SPS steady-state model within a power-flow analysis model 
is explained in References [36] and [37]. 


6.6.2 Small-signal dynamics 


Due to its inherent slow response, a mechanical phase shifter cannot be used for 
dynamic voltage injection. In contrast, an SPS can dynamically inject voltage in a 
system and correspondingly control power flow in response to power system 
electromechanical oscillations. Electromechanical oscillatory modes of a power 
system usually have natural frequencies in the sub-synchronous frequency range. 
Rapid voltage injection by an SPS can be used to dynamically control power flow 
to enhance damping and mitigate electromechanical oscillatory modes, e.g. inter- 
area modes, inertial (hunting) modes and torsional modes. Applications of SPSs 
for mitigation of torsional oscillations and inter-area oscillations have been 
proposed and examined in References [6] and [26]. 

Systematic analysis and design of an SPS control system for mitigation of 
small-signal dynamics requires a linearized dynamic model of the SPS. 
Depending on the frequency range of oscillations and converter configuration of 
the SPS, various SPS linear models with different degrees of mathematical details 
are needed. References [6], [26], [29], and [36] provide linearized small-signal 
models of SPSs applicable in the sub-synchronous frequency range. 


6.6.3 Large-signal dynamics 


Large-signal electrical disturbances, e.g. faults, fault clearing, out-of-phase 
synchronization, line switching, and reclosures can result in large-signal 
electromechanical transients. Such disturbances can even lead to instability. 
Rapid phase shifting by means of an SPS can be used to either mitigate transients 
within the desired time span after the disturbance inception or even to prevent 
transient instability [38—40]. 
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Analysis of an SPS behaviour, in the context of transient stability, requires a 
nonlinear model of the SPS and its control system [41]. During system large- 
signal transients, converter components of an SPS are subjected to abnormal over- 
current and/or over-voltage stresses. SPS converter design requires investigation 
and quantification of such stresses. This type of transient study needs detailed 
SPS model for digital time-domain simulation suitable for the analyses of 
electromagnetic transients. 


6.7 Summary 


This chapter briefly describes the concept of phase shifting in electric power 
systems and highlights the technical merits of semiconductor-controlled (static) 
phase shifters over conventional (mechanical) phase shifters. Based upon the 
steady-state principles of operation of a Static Phase Shifter (SPS), a steady-state 
SPS model is developed. Although simplifying assumptions are used, the model 
provides adequate insight to explore the impact of various parameters and 
operating conditions/constraints on the SPS system. Based on currently feasible 
semiconductor switches and converter topologies, five SPS configurations are 
identified. The first group is based on substituting a mechanical tap-changer by 
semiconductor switches. The second group uses ac controllers. The third group is 
based on a single-phase ac—ac bridge converter topology. The fourth and the fifth 
group use PWM voltage source converters and PWM current source converters. 
The basic power circuits, principles of operations and salient features of each 
group are briefly described. The chapter is concluded by a brief description of 
SPS applications in power systems. 
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Chapter 7 


The unified power flow controller 


Laszlo Gyugyi and Colin D. Schauder 


7.1 Introduction 


The power transmitted over an ac transmission line is a function of the line 
impedance, the magnitude of sending-end and receiving-end voltages, and the 
phase angle between these voltages. Traditional techniques of reactive line 
compensation and step-like voltage adjustment are generally used to alter these 
parameters to achieve power transmission control. Fixed and mechanically 
switched shunt and series reactive compensation are employed to modify the 
natural impedance characteristics of transmission lines in order to establish the 
desired effective impedance between the sending- and receiving-ends to meet 
power transmission requirements. Voltage regulating and phase shifting 
transformers with mechanical tap-changing gears are used to minimize voltage 
variation and control power flow. These conventional methods provide adequate 
control under steady-state and slowly changing system conditions, but are largely 
ineffective in handling dynamic disturbances. The traditional approach to contain 
dynamic problems is to establish generous stability margins enabling the system to 
recover from faults, line and generator outages, and equipment failures. This 
approach, although reliable, generally results in a significant under utilization of 
the transmission system. 

As a result of recent environmental legislation, rights-of-way issues, 
construction cost increases, and deregulation policies, there is an increasing 
recognition of the necessity to utilize existing transmission system assets to the 
maximum extent possible. To this end, electronically controlled, extremely fast 
reactive compensators and power flow controllers have been developed within the 
overall framework of the Flexible AC Transmission System (FACTS) initiative. 
These compensators and controllers either use conventional reactive components 
(capacitors and reactors) and tap-changing transformer arrangements with 
thyristor valves and control electronics or employ switching power converters, as 
synchronous voltage sources, which can internally generate reactive power for, 
and also exchange real power with, the ac system. 
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The Unified Power Flow Controller (UPFC) is a member of this latter family 
of compensators and power flow controllers which utilize the synchronous voltage 
source (SVS) concept for providing a uniquely comprehensive capability for 
transmission system control. Within the framework of traditional power 
transmission concepts, the UPFC is able to control, simultaneously or selectively, 
all the parameters affecting power flow in the transmission line (i.e., voltage, 
impedance, and phase angle). Alternatively, it can provide the unique functional 
capability of independently controlling both the real and reactive power flow in 
the line. These basic capabilities make the Unified Power Flow controller the 
control. 


Figure 7.1 Conceptual representation of the UPFC in a two-machine power 
system 


7.2 Basic operating principles and characteristics 


The Unified Power Flow Controller (UPFC) was devised for the real-time control 
and dynamic compensation of ac transmission systems, providing multi-functional 
flexibility required to solve many of the problems facing the power delivery 
industry. 

From the conceptual viewpoint, the UPFC is a generalized synchronous 
voltage source (SVS), represented at the fundamental (power system) frequency 
by voltage phasor V,, with controllable magnitude V, (0 < V4 S Viqmax) and angle 
p(0< p < 27), in series with the transmission line, as illustrated for an elementary 
two-machine system (or for two independent systems with a transmission link 
intertie) in Figure 7.1. In this arrangement the SVS generally exchanges both 
reactive and real power with the transmission system. Since, by definition (see 
Section 1.4.2.1), an SVS is able to generate only the reactive power exchanged, 
the real power must be supplied to it, or absorbed from it, by a suitable power 


270 Flexible ac transmission systems 


supply or sink. In the UPFC arrangement the real power the SVS exchanges is 
provided by one of the end buses (e.g., the sending-end bus), as indicated in the 
figure. (This arrangement conforms to the objective of controlling the power flow 
by the UPFC rather than increasing the generation capacity of the system.) 
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Converter 1 Converter 2 
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Figure 7.2 Implementation of the UPFC by two back-to-back voltage-sourced 
converters 


In the presently used practical implementation, the UPFC consists of two 
voltage-sourced converters using gate turn-off (GTO) thyristor valves, as 
illustrated in Figure 7.2. These converters, labelled "Converter 1" and "Converter 
2" in the figure, are operated from a common dc link provided by a dc storage 
capacitor. This arrangement functions as an ideal ac to ac power converter in 
which the real power can freely flow in either direction between the ac terminals 
of the two converters, and each converter can independently generate (or absorb) 
reactive power at its own ac output terminal. 

Converter 2 provides the main function of the UPFC by injecting a voltage V,, 
with controllable magnitude V, and phase angle p in series with the line via an 
insertion transformer. This injected voltage acts essentially as a synchronous ac 
voltage source. The transmission line current flows through this voltage source 
resulting in reactive and real power exchange between it and the ac system. The 
reactive power exchanged at the ac terminal (i.e., at the terminal of the series 
insertion transformer) is generated internally by the converter. The real power 
exchanged at the ac terminal is converted into dc power which appears at the dc 
link as a positive or negative real power demand. 
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The basic function of Converter 1 is to supply or absorb the real power 
demanded by Converter 2 at the common dc link. This de link power is converted 
back to ac and coupled to the transmission line via a shunt-connected transformer. 
Converter 1 can also generate or absorb controllable reactive power, if it is 
desired, and thereby provide independent shunt reactive compensation for the line. 
It is important to note that whereas there is a closed "direct" path for the real 
power negotiated by the action of series voltage injection through Converters 1 
and 2 back to the line, the corresponding reactive power exchanged is supplied or 
absorbed locally by Converter 2 and therefore does not have to be transmitted by 
the line. Thus, Converter 1 can be operated at a unity power factor or be 
controlled to have a reactive power exchange with the line independent of the 
reactive power exchanged by Converter 2. This means that there is no reactive 
power flow through the UPFC. 


7.2.1 Conventional transmission control capabilities 


Viewing the operation of the Unified Power Flow Controller from the standpoint 
of traditional power transmission based on reactive shunt compensation, series 
compensation, and phase shifting, the UPFC can fulfill all these functions and 
thereby meet multiple control objectives by adding the injected voltage V,,, with 
appropriate amplitude and phase angle, to the (sending-end) terminal voltage V,. 


Using phasor representation, the basic UPFC power flow control functions are 
illustrated in Figure 7.3. 


(a) Voltage regulation 

(b) Line impedance compensation 

(c) Phase shifting 

(d) Simultaneous control of voltage, impedance and angle 


Figure 7.3 Range of transmittable real power P and receiving-end reactive power 
demand Q, vs. transmission angle 5 of a UPFC controlled transmission line 
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Voltage regulation with continuously variable in-phase/anti-phase voltage 
injection, shown at a for voltage increments V,,=tAV (p=0). Functionally this is 
similar to that obtainable with a transformer tap-changer having infinitely small 
steps. 

Series reactive compensation is shown at b where V,,=V, is injected in 
quadrature with the line current Z. Functionally this is similar to, but more general 
than the controlled series capacitive and inductive line compensation. This is 
because the UPFC injected series compensating voltage can be kept constant, if 
desired, independent of line current variation, whereas the voltage across the 
series compensating (capacitive or inductive) impedance varies with the line 
current. 

Phase shifting (transmission angle regulation) is shown at c where V,,=V,j is 
injected with an angular relationship with respect to V, that achieves the desired o 
phase shift (advance or retard) without any change in magnitude. Thus the UPFC 
can function as a perfect phase shifter. From the practical viewpoint, it is also 
important to note that, in contrast to conventional phase shifters, the ac system 
does not have to supply the reactive power the phase shifting process demands 
since it is internally generated by the UPFC converter. 

Multi-function power flow control, executed by simultaneous terminal voltage 
regulation, series capacitive line compensation, and phase shifting, is shown at d 
where V,,=AV+V,t+V,. This functional capability is unique to the UPFC. No 
single conventional equipment has similar multi-functional capability. 

The general power flow control capability of the UPFC, from the viewpoint of 
conventional transmission control, can be illustrated best by the real and reactive 
power transmission versus transmission angle characteristics of the simple two- 
machine system shown in Figure 7.1. With reference to this figure, the 
transmitted power P and the reactive power -/Q,, supplied by the receiving-end, 
can be expressed as follows: 


* 
V +V -V 
nra) (7.1) 


P- jQ =V 
JQ, { X 


where symbol * means the conjugate of a complex number and j= J-1. If 
V,q=9, then equation (7.1) describes the uncompensated system, that is, 


P- jQ, -vÍ i ) (7.2) 


Thus, with V7, the total real and reactive power can be written in the form: 
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* 
= VV .* 
ae rfr) E a 
Substituting 
V, = Ve? =y cogs ne (7.4) 
, 2 2 
V, = Ve” = y(cos$- jsinĝ) (7.5) 
and 
V =y eP =y {cos aap +sin ae (7.6) 


the following expressions are obtained for P and Q,: 


- -L oing- nod? 
P(5, p) = P,(6) + Pa (P) = rsin S -—} cop $+ 0] (7.7) 


and 
VV. 
2,(6, P) = Q,,(6) + Qu (P) = q — COS 4) snl Z + P) 
(7.8) 

where 

P (ô) -F sinó (7.9) 
and 

Q,,(5) =- q -cos3) (7.10) 


are the real and reactive power characterizing the power transmission of the 
uncompensated system at a given angle ô Since angle p is freely variable 
between 0 and 2x at any given transmission angle 5(0<dSn), it follows that P,,(9) 
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and Qu (p) are controllable between -VV yX and +VV,,/X independent of angle 6. 
Therefore, the transmittable real power P is controllable between 


P,(6)-—EP,(6)sP(6)+— E (7.11) 


and the reactive power Q, is controllable between 


0,(5)-<0,(8}50,(6)+ (7.12) 


at any transmission angle 6, as illustrated in Figure 7.4. 


-Q, 


Figure 7.4 Range of transmittable real power P and receiving-end reactive power 
demand Q, vs. transmission angle 6 of a UPFC controlled transmission line 


The powerful, previously unattainable, capabilities of the UPFC summarized 
above in terms of conventional transmission control concepts, can be integrated 
into a generalized power flow controller that is able to maintain prescribed, and 
independently controllable, real power P and reactive power Q in the line. Within 
this concept, the conventional terms of series compensation, phase shifting, etc., 
become irrelevant; the UPFC simply controls the magnitude and angular position 
of the injected voltage in real time so as to maintain or vary the real and reactive 
power flow in the line to satisfy load demand and system operating conditions. 
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ag Qu (8) = | (1-cos ë) 
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Figure 7.5 (a) Transmittable real power P, and receiving-end reactive power 


demand Q„ vs. transmission angle 5 of a two machine system (b) and the 
corresponding Qw vs. P, loci 


7.2.2 Independent real and reactive power flow control 


In order to investigate the capability of the UPFC to control real and reactive 
power flow in the transmission line, consider again Figure 7.1. Let us first assume 
that the injected compensating voltage, V,, is zero. Then we obtain an elementary 
two machine (or two bus ac intertie) system with sending-end voltage V,, 
receiving-end voltage V,, transmission angle 6, and line (or tie) impedance X 
(assumed, for simplicity, inductive). With these, the normalized transmitted 
power, P,(S)={V/X} sind = sind, and the normalized reactive power, 
0,()=0,.(9)=-0,(I={ V/X} {1-cosd} = 1-cosd, supplied at the ends of the 
line, are shown plotted against angle 6 in Figure 7.5(a). The relationship between 


real power P (ô and reactive power Q,,(6) can readily be expressed with /’/X=1 
in the following form: 
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Q,,(5)=-1- 41- POF (7.13) 


or 


fo, (6)+1} +{P(5)P =1 (7.14) 


Equation (7.14) describes a circle with a radius of 1.0 around the center 
defined by coordinates P=0 and Q,=-1 in a {Q,,P} plane, as illustrated for positive 
values of P in Figure 7.5(b). Each point of this circle gives the corresponding P, 
and Q,, values of the uncompensated system at a specific transmission angle 5. 
For example, at 5=0, P =0 and Q,,=0;at 5=30°, P,=0.5 and Q,=-0.134; at 5=90°, 
P =1.0 and Q,= -1.0;etc. 


YS 
Controllable ENS 


Figure 7.6 Control region of the attainable real power P and receiving-end 
reactive power demand Qr with a UPFC-controlled transmission line at (a) 5=0° 
(b) &=30 ° (c) 6=60° and (d) 6=90° 


Refer again to Figure 7.1 and assume now that V,,40. It follows from 
equations (7.3), or (7.7) and (7.8), that the active and reactive power change from 
their uncompensated values, P,(d) and Q,,(6), as functions of the magnitude V,, 
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and angle p of the injected voltage phasor V,,. Since angle p is an unrestricted 
variable (0 < p < 27), the boundary of the attainable control region for P(8 p) and 
Q,(6,p) is obtained from a complete rotation of phasor V,, with its maximum 
magnitude Vom. It follows from the above equations that this control region is a 
circle with a center defined by coordinates P,(d) and Q,(6) and a radius of 


VV, X. With V,=V.=V), the boundary circle can be described by the following 
equation: 


PE-O +0,6.0)-00(6)° =|"! eras 


The circular control regions defined by equation (7.15) are shown in Figures 
7.6(a)-({d) for V=1.0, Vigmex=0.5, and X=1.0 (per unit or p.u. values) with their 
centers on the circular arc characterizing the uncompensated system (equation 
7.14) at transmission angles d=0, 30°, 60°, and 90°. In other words, the centers of 
the control regions are defined by the corresponding P,(6),Q,,(5) coordinates at 
angles d=0, 30°, 60°, and 90° in the {Q,,P} plane. 

Consider first Figure 7.6(a), which illustrates the case when the transmission 
angle is zero (6=0). With V,,~0, P, Q, (and Q,) are all zero, i.e., the system is at 
standstill at the origin of the Q, ,P coordinates. The circle around the origin of the 
{Q,P} plane is the loci of the corresponding Q, and P values, obtained as the 
voltage phasor V,, is rotated a full revolution (0<p<360°) with its maximum 
magnitude Vmax- The area within this circle defines all P and Q, values 
obtainable by controlling the magnitude V, and angle p of phasor V, In other 
words, the circle in the {Q,,P} plane defines all P and Q, values attainable with the 
UPFC of a given rating. It can be observed, for example, that the UPFC with the 
stipulated voltage rating of 0.5 p.u. is able to establish 0.5 p.u. power flow, in 
either direction, without imposing any reactive power demand on either the send- 
ing-end or the receiving-end generator. (This statement tacitly assumes that the 
sending-end and receiving-end voltages are provided by independent power 
systems which are able to supply and absorb real power without internal angular 
change.) Of course, the UPFC, as illustrated, can force the system at one end to 
supply reactive power for, or absorb that from, the system at the other end. 
Similar control characteristic for real power P and the reactive power Q, can be 
observed at angles 6=30°, 60°, and 90° in Figures 7.6(b), (c), and (d). 

In general, at any given transmission angle 6, the transmitted real power P, as 
well as the reactive power demand at the receiving-end Q,, can be controlled 
freely by the UPFC within the boundary circle obtained in the {QP} plane by 
rotating the injected voltage phasor V, with its maximum magnitude a full 
revolution. Furthermore, it should be noted that, although the above presentation 
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focuses on the receiving-end reactive power, Q,, the reactive component of the 
line current, and the corresponding reactive power, can actually be controlled with 
respect to the voltage selected at any point of the line. 

Figures 7.6(a)-(d) clearly demonstrate that the UPFC, with its unique 
capability to control independently the real and reactive power flow at any 
transmission angle, provides a powerful, hitherto unattainable, new tool for 
transmission system control. 

In order to put the capabilities of the UPFC into proper perspective in relation 
to other, related power flow controllers, such as the Thyristor-Switched and 
Thyristor-Controlled Series Capacitor (TSSC and TCSC), the Static Synchronous 
Series Compensator (SSSC), and the Thyristor-Controlled Phase Shifter (or 
Phase-Angle Regulator - TCPAR), a basic comparison between the power flow 
control characteristics of these and the UPFC is presented in the next section. The 
basis chosen for this comparison is the capability of each type of power flow 
controller to vary the transmitted real power and the reactive power demand at the 
receiving-end. The receiving-end var demand is usually an important factor 
because it significantly influences the variation of the line voltage with load 
demand, the overvoltage at load rejection, and the steady-state system losses. 
Similar comparison, of course, could easily be made at the sending-end, or at 
other points of the transmission line, but the results would be quite similar for all 
practical transmission angles. 


7.2.3 Comparison of the UPFC to the controlled series 
compensators and phase shifters 


Vs Xo Ven = Vs + Ve 


Figure 7.7 Two machine system with controlled series capacitive compensation 


Consider again the simple two machine system (two bus intertie) shown in 
Figure 7.1. This model can be used to establish the basic transmission 
characteristic of the controlled series compensators (TSSC, TCSC, and SSSC) and 
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the Thyristor-Controlled Phase Angle Regulator by using them in place of the 
UPFC, as symbolically illustrated in Figure 7.7 for controlled capacitive 
compensation, to establish their effect on the Q versus P characteristic of the 
system at different transmission angles. 


7.2.3.1 Comparison of the UPFC to controlled series compensators 


Thyristor Switched Series Capacitor (TSSC) schemes employ a number of 
capacitor banks in series with the line, each with a thyristor by-pass switch. This 
arrangement in effect is equivalent to a series capacitor whose capacitance is 
adjustable in a step-like manner. Thyristor-Controlled Series Capacitor (TCSC) 
schemes typically use a thyristor-controlled reactor in parallel with a capacitor to 
vary the effective series compensating capacitance and thereby the compensating 
voltage. In practice, several capacitor banks, each with its own thyristor- 
controlled reactor, may be used to meet specific application requirements. For the 
purpose of the present investigation, the TCSC, regardless of its practical 
implementation, can be considered simply as a continuously variable capacitor 
whose impedance is controllable in the range of OSX-<Xq,4,. The controllable 
series capacitive impedance, provided by the TSSC and TCSC, cancels part of the 
reactive line impedance resulting in a reduced overall transmission impedance 
(i.e., in an electrically shorter line) and correspondingly increased transmittable 
power. 

The Static Synchronous Series Compensator (SSSC) injects a continuously 
variable series compensating voltage in quadrature with the line current. In 
contrast to the series capacitor schemes, the compensating voltage of the SSSC 
can be controlled independent of the line current (i.e., independent of the 
transmission angle 6). 

Controlled series compensators provide a series compensating voltage that, by 
definition, is in quadrature with the line current. Consequently, they can affect 
only the magnitude of the current flowing through the transmission line. At any 
given setting of the capacitive impedance of the TSSC or TCSC, or of the 
compensating voltage of the SSSC, a particular effective overall line impedance is 
defined at which the transmitted power is strictly determined by the transmission 
angle (assuming a constant amplitude for the end voltages). Therefore, the 
reactive power demand at the end-points of the line is determined by the 
transmitted real power in the same way as if the line was uncompensated but had a 
lower line impedance. Consequently, the relationship between the transmitted 
power P and the reactive-power demand at the receiving-end Q, can be 
represented by a single Q,-P circular locus, similar to that shown for the 
uncompensated system in Figure 7.5(b), at a given output (compensating 
impedance or voltage) setting of the series compensator. This means that for a 
continuously controllable compensator an infinite number of Q,-P circular loci 
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can be established by using the basic transmission relationships, i.e., 
P={VKX-X,)}sindand Q.={V(X-X,)} {1-cosd}, with X, varying between 0 and 
Xmax OF O and +X gmax (Where X,=X¢ for the TSSC and TCSC and X,=|V/N=V/I 
for the SSSC). Evidently, a given transmission angle defines a single point on 
each Q,-P locus obtained with a specific value of X, Thus, the progressive 
increase of X} from zero to Xmax Could be viewed as if the point defining the 
corresponding P and Q, values at the given transmission angle on the first Q,-P 
locus (uncompensated line) moves through an infinite number of Q,-P loci 
representing progressively increasing series compensation, until it finally reaches 
the last O,-P locus that represents the system with maximum series compensation. 
The first O.-P locus, representing the uncompensated power transmission, is the 
lower boundary curve for the TSSC and TCSC and identified by (Q,-P)x,=». The 
last Q,-P locus, representing the power transmission with maximum capacitive 
impedance compensation, is the upper boundary curve for the TSSC and TCSC 
and identified by (Q,-P) xemax- The lower and upper boundary curves for the SSSC 
are different from that of TSSC and TCSC and therefore they are identified by 
(Q,-P)+vamax and (Qr-P)-vqmax The difference is partially due to the SSSC’s 
capability to inject the compensating voltage both with 90° lagging (capacitive) or 
90° leading (inductive) relationship with respect to the line current. Thus, it can 
both increase and decrease the transmitted power. Also, the SSSC can maintain 
maximum compensating voltage with decreasing (theoretically, even with zero) 
line current. For these reasons, the SSSC has a considerably wider control range 
at low transmission angles than both the TSSC and TCSC. Note that all Q,-P 
circular curves are considered only for the normal operating range of the trans- 
mission angle (0<d<90°). 

The plots in Figures 7.8(a)-(d) present at the four transmission angles (6=0°, 
30°, 60°, and 90°) the range of Q,—P control for the series reactive compensators, 
TSSC/TCSC and SSSC, with the same 0.5 p.u. maximum voltage rating stipulated 
for the UPFC. In each figure the upper and lower boundary curves identified 
above for the TSSC/TCSC and SSSC are shown by broken- and dotted-lines for 
reference. The previously derived circular control region of the UPFC is also 
shown (by heavy broken-lines) for comparison. 

Consider Figure 7.8(a) which illustrates the case when the transmission angle, 
6, is zero. (For this special case, the two machine system is again assumed to 
represent two independent power systems with an ac line intertie.) Since both the 
TSSC and TCSC are an actively-controlled, but functionally passive impedance, 
the current through the line with the compensated line impedance (X-X) remains 
invariably zero, regardless of the actual value of Xo. Thus both P and Q, are zero, 
the system is at standstill, and therefore cannot be changed by reactive impedance 
compensation. An ideal SSSC, represented by a theoretical ac voltage source 
could establish power flow between the two sources. However, a practical SSSC 
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with internal losses could only do that if an external power supply (connected to 
the dc terminals of the converter) replenished these losses and kept the SSSC in 
operation at zero (and at small) line current. By contrast, since the UPFC is a self- 
sufficient voltage source (whose losses are supplied by the shunt converter), it can 
force up to 0.5 p.u. real power flow in either direction and also control reactive 
power exchange between the sending-end and receiving-end buses within the 
circular control region shown in the figure. 


Q; Tcontrotiable Controllable intervat of 


0.5 


= 


0.8 Controllable interval of 
Controllable TSSC/TCSC === 
ion of UPFC SSSC ---- 


(c)[E= 604 


Figure 7.8 Attainable Q, and P values with controlled capacitive compensation 
(points on the heavy straight line inside the circle) and those with the UPFC (any 
point inside the circle) at (a)d=0° (b)d=30° (c)d=60° and (d)5=90° 


The Q,-P characteristic of the TSSC and TCSC at 5=30° is shown in Figure 
7.8b. As seen, the relationship between Q, and P, for the total range of series 
compensation, 0<6<90°, is defined by a straight line connecting the two related 
points on the lower and upper boundary curves, (Q,~P)x¢-o and (O,-P) xmas Which 
represent the power transmission at 6=30° with zero and, respectively, maximum 
series compensation. It can be observed that, as expected, the TSSC and TCSC 
control the real power by changing the degree of series compensation (and thereby 
the magnitude of the line current). However, the reactive power demand of the 
line cannot be controlled independently; it remains a direct function of the 
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transmitted real power obtained at 6=30° with varying Xe (OSX-<X cm.) It is also 
to be noted that the achievable maximum increase in transmittable power 
attainable with the TSSC and TCSC is a constant percentage (defined by the 
maximum degree of series compensation) of the power transmitted with the 
uncompensated line at the given transmission angle. In other words, the maxi- 
mum increase attainable in actual transmitted power is much less at small 
transmission angles than at large ones. This is due to the fact that the TSSC and 
TCSC are a series impedance and thus the compensating voltage they produce is 
proportional to the line current, which is a function of angle 6. The SSSC, being a 
reactive voltage source (with respect to the line current) can provide maximum 
compensating voltage, theoretically down to zero line current. (The limit, as 
previously mentioned, is the ability of the line to replenish the losses of the 
SSSC.) It can also reverse the polarity of the compensating voltage. These 
characteristics mean that the SSSC can provide compensation over a wider range, 
between the boundaries of (Q,—P),vamax and (Q,-P)-vamax» than can the TSSC and 
TCSC. However, due to its strictly reactive compensation capability, the SSSC 
cannot control the reactive line power and thus the reactive power, Q,, remains 
proportional to the real power P. In other words, the SSSC simply lengthens the 
control range of the TSSC and TCSC, without changing their Q, versus P 
characteristic. By contrast, since the UPFC is a self-sufficient voltage source with 
the capability of exchanging both reactive and real power, the magnitude and 
angle of the compensating voltage it produces is independent of the line current 
(and of angle ó). Therefore the maximum change (increase or decrease) in 
transmittable power, as well as in receiving-end reactive power, achievable by the 
UPFC is not a function of angle ô and is determined solely by the maximum 
voltage the UPFC is rated to inject in series with the line (assumed 0.5 p.u. in this 
comparison). This characteristic can be observed in the figures where the radius 
of the circular loci defining the control region of the UPFC remains the same for 
ali four transmission angles considered. 

Figures 7.8(c) and (d), showing the Q,-P characteristics of the TSSC, TCSC 
and the UPFC at d6=60° and d=90°, respectively, further confirms the above 
observations. The range of the TSSC and TCSC for real power control remains a 
constant percentage of the power transmitted by the uncompensated line at all 
transmission angles (0<d<90°), but the maximum actual change in transmitted real 
power progressively increases with increasing ô and reaches that of the SSSC and 
UPFC at 5=90°. However, it should be noted that whereas the maximum 
transmitted power of 1.5 p.u., obtained with all the reactive compensators, TSSC, 
TCSC, and SSSC, at full compensation is associated with 1.5 p.u. reactive power 
demand at the receiving-end, the same 1.5 p.u. power transmission is achieved 
only with 1.0 p.u. reactive power demand when the line is compensated by a 
UPFC. 


The unified power flow controller 283 


From Figures 7.8(a)-(d), it can be concluded that the UPFC has superior 
power flow control characteristics compared to the TSSC, TCSC, and SSSC: it 
can control independently both real and reactive power over a broad range, its 
control range in terms of actual real and reactive power is independent of the 
transmission angle, and it can control both real and reactive power flow in either 
direction at zero (or at a small) transmission angle. 


7.2.3.2 Comparison of the UPFC to the thyristor-controlled phase shifter 


Ideal phase shifters provide series voltage injection in series with the line so that 
the voltage applied at their input terminals appears with the same magnitude but 
with to phase difference at their output terminals. Most practical phase shifters 
(also called Phase Angle Regulators - PARs- and “Quadrature Boosters”) provide 
controllable quadrature voltage injection in series with the line. The 
commercially available PARs (for brevity, this term will hereon be used) employ 
a shunt-connected excitation transformer with appropriate taps on the secondary 
windings, a mechanical tap-changing gear, and a series insertion transformer. The 
excitation transformer has wye to delta (or delta to wye) windings and thus the 
phase to phase secondary voltages are in quadrature with respect to the 
corresponding primary phase to neutral voltages. These voltages, via the tap- 
changing gear and the series insertion transformer, are injected in series with the 
appropriate phases of the line. As a result, the two sets of three-phase voltages, 
obtained at the two ends of the series insertion transformer, are phase shifted with 
respect to each other by an angle o, where o=tan"'(V,/V); V, is the magnitude of 
the series injected voltage and V is the magnitude of the line voltage (phase to 
neutral). Since the voltage injection can be of either polarity, o may represent 
either phase advance or retard. 

The Thyristor-Controlled Phase Angle Regulators (TCPARs) are functionally 
similar to the conventional PARs, except for the mechanical tap-changer which is 
replaced by an appropriate thyristor switch arrangement. Like their mechanically- 
controlled counterparts, they also provide controllable, bi-directional, quadrature 
voltage injection. However, their control can be continuous or step-like, but the 
continuous control is usually associated with some harmonic generation. For the 
purpose of the present investigation, the practical implementation of the TCPAR 
is unimportant. For simplicity, the TCPAR is considered as an ideal phase angle 
regulator, which is able to vary continuously the phase angle between the voltages 
at the two ends of the insertion transformer in the control range of -Onas O SOn 
without changing the magnitude of the phase shifted voltage from that of the 
original line voltage that would be done by quadrature voltage injection employed 
in most practical phase shifter implementations. 

A basic, and in the present investigation important, attribute of all conven- 
tional (mechanical and thyristor-controlled) phase angle regulators, including the 
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ideal one stipulated above, is that the total VA (i.e., both the real power and the 
vars) exchanged by the series insertion transformer appears at the primary of the 
excitation transformer as a load demand on the power system. Thus, both the real 
and the reactive power the phase angle regulator supplies to, or absorbs from, the 
line when it injects the quadrature voltage must be absorbed from it, or supplied to 
it by the ac system. By contrast, the UPFC itself generates the reactive power part 
of the total VA it exchanges as a result of the series voltage injection and it 
presents only the real power part to the ac system as a load demand. 


Phase Shifter 


Figure 7.9 Two machine system with controlled phase shifter compensation 


Consider Figure 7.9, where the previously considered two machine system is 
shown again with a TCPAR assumed to function as an ideal phase angle regulator. 
The transmitted power and the reactive power demands at the sending-end and 
receiving-end can be described by relationships analogous to those characterizing 
the uncompensated system: P={V°/X} sind’ and 0,=0,={V-/X} {1-cosd}, where 
o'=d-o. Thus, it is clear that the TCPAR cannot increase the maximum 
transmittable power, P=V’/X, or change Q, at a fixed P. Consequently, the O,-P 
relationship, with transmission angle 5’ (0<0°<90°) controlling the actual power 
transmission, is identical to that of the uncompensated system shown in Figure 
7.5. The function of the TCPAR is simply to establish the actual transmission 
angle, 5’, required for the transmission of the desired power P, by adjusting the 
phase-shift angle o so as to satisfy the equation 6’=d-—o at a given 6, the angle 
existing between the sending-end and receiving-end voltages. In other words, the 
TCPAR can vary the transmitted power at a fixed 6, or maintain the actual 
transmission angle ð constant in the face of a varying ô, but it cannot increase the 
maximum transmittable power or control the reactive power flow independently 
of the real power. 

The plots in Figures 7.10(a)-(d) present the Q,—P relationship for the TCPAR 
in comparison to that of the UPFC at d6=0°, 30°, 60°, and 90°. It can be observed 
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in these figures that the control range centres around the point defined by the 
given value of angle 6=6,(=0°, 30°, 60°, 90°) on the Q,-P locus characterizing the 
uncompensated power transmission (V,=0 for the TCPAR and V,,=0 for the 
UPFC). As the phase-shift angle ø is varied in the range of -30°<0<30° (which 
corresponds to the maximum inserted voltage of V,=0.5 p.u.), this point moves on 
the uncompensated Q.-P locus in the same way as if the fixed angle 5, was varied 
in the range of 6,-30°<6,<6,+30°. Consequently, the TCPAR, in contrast to the 
series reactive compensators TSSC, TCSC, and SSSC, can control effectively 
control the real power flow, as illustrated in Figure 7.10(a), when the angle 
between the sending-end and receiving-end voltages is zero (d=0). 


Q, Controllable Controllable interval! 
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Figure 7.10 Attainable Q, and P values with a controlled phase shifter (points on 
the heavy arc inside the circle) and those with the UPFC (any point inside the 
circle) at (a)5=0° (b)5=30° (c)5=60° and (d)d=90° 


The Q, versus P plots in Figure 7.10 clearly show the superiority of the UPFC 
over the TCPAR for power flow control: the UPFC has a wider range for real 
power control and facilitates the independent control of the receiving-end reactive 
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power demand over a broad range. For example, it is seen that the UPFC can 
facilitate up to 1.0 p.u. real power transmission with unity power factor at the 
receiving-end (Q,=0), whereas the reactive power demand at the receiving-end 
would increase with increasing real power (Q, reaching 1.0 p.u. at P=1.0 p.u.), in 
the manner of an uncompensated line, when the power flow is controlled by the 
TCPAR. 


7.3 Control and dynamic performance 


The superior operating characteristics of the UPFC are due to its unique ability to 
inject an ac compensating voltage vector with arbitrary magnitude and angle in 
series with the line upon command, subject only to equipment rating limits. With 
suitable electronic controls, the UPFC can cause the series-injected voltage vector 
to vary rapidly and continuously in magnitude and/or angle as desired. Thus, it is 
not only able to establish an operating point within a wide range of possible P, Q 
conditions on the line, but also has the inherent capability to transition rapidly 
from one such achievable operating point to any other. 

The term vector, instead of phasor, is used in this section to represent a set of 
three instantaneous phase variables, voltages, or currents, that sum to zero. The 
symbols f and f are used for voltage and current vectors. The reader will recall 
that these vectors are not stationary, but move around a fixed point in the plane as 
the values of the phase variables change, describing various trajectories, which 
become circles when the phase variables represent a balanced, steady-state 
condition. For the purpose of power control it is useful to view these vectors in an 
orthogonal coordinate system with p and q axes such that the p axis is always 
coincident with the instantaneous voltage vector § and the q axis is in quadrature 
with it. In this coordinate system the p-axis current component, i,, accounts for 
the instantaneous real power and the g-axis current component, i,, for the reactive 
power. Under balanced steady-state conditions, the p-axis and q-axis components 
of the voltage and current vector are constant quantities. This characteristic of the 
described vector representation makes it highly suitable for the control of the 
UPFC by facilitating the de-coupled control of the real and reactive current 
components. 

The UPFC control system may be divided functionally into internal (or 
converter) control and functional operation control. The internal controls operate 
the two converters so as to produce the commanded series injected voltage and, 
simultaneously, draw the desired shunt reactive current. The internal controls 
provide gating signals to the converter valves so that the converter output voltages 
will properly respond to the internal reference variables, ireo iqror and Pparers in 
accordance with the basic control structure shown in Figure 7.11. As can be 
observed, the series converter responds directly and independently to the demand 
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for series voltage vector injection. Changes in series voltage vector, #,,, can 
therefore be effected virtually instantaneously. In contrast, the shunt converter 
operates under a closed-loop current control structure whereby the shunt real and 
reactive power components are independently controlled. The shunt reactive 
power (if this option is used, for example, for terminal voltage control) responds 
directly to an input demand. However, the shunt real power is dictated by another 
control loop that acts to maintain a preset voltage level on the dc link, thereby 
providing the real power supply or sink needed for the support of the series 
voltage injection. In other words, the control loop for the shunt real power 
ensures the required real power balance between the two converters. As 
mentioned previously, the converters do not (and could not) exchange reactive 
power through the link. 
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Figure 7.11 Basic UPFC control scheme 


The functional operation control defines the functional operating mode of the 
UPFC and is responsible for generating the internal references, Paper and irer for 
the series and shunt compensation to meet the prevailing demands of the 
transmission system. The functional operating modes and compensation demands, 
represented by external (or system) reference inputs, can be set manually (via a 
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computer keyboard) by the operator or dictated by an automatic system 
optimization control to meet specific operating and contingency requirements. An 
overall control structure, showing the internal, the functional operation, and 
system optimization controls with the internal and external references is presented 
in Figure 7.12. 
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Figure 7.12 Overall UPFC control structure 


7.3.1 Functional operating and control modes 


The capability of unrestricted series voltage injection together with independently 
controllable reactive power exchange offered by the circuit structure of two dc- 
coupled converters, facilitate several operating and control modes for the UPFC. 
These include the option of reactive shunt compensation and the free control of 
series voltage injection according to a prescribed functional approach selected for 
power flow control. The UPFC circuit structure also allows the total de-coupling 
of the two converters (i.e., separating the dc terminals of the two converters) to 
provide independent reactive shunt compensation (STATCOM) and reactive 
series compensation (SSSC) without any real power exchange. 
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7.3.1.1 Functional control of the shunt converter 


The shunt converter is operated so as to draw a controlled current, i,,, from the 
line. One component of this current, imp is automatically determined by the 
requirement to balance the real power of the series converter. The other current 
component, inq is reactive and can be set to any desired reference level (inductive 
or capacitive) within the capability of the converter. The reactive compensation 
control modes of the shunt converter are very similar to those commonly 
employed on conventional static var compensators. 

Reactive power (VAR) control mode. In reactive power control mode the 
reference input is an inductive or capacitive var request. The shunt converter 
control translates the var reference into a corresponding shunt current request and 
adjusts the gating of the converter to establish the desired current. The control in 
a closed-loop arrangement uses current feedback signals obtained from the output 
current of the shunt converter to enforce the current reference. A feedback signal 
representing the dc bus voltage, v,,, is also used ensure the necessary dc link 
voltage. 

Automatic voltage control mode. In voltage control mode (which is normally 
used in practical applications), the shunt converter reactive current is 
automatically regulated to maintain the transmission line voltage to a reference 
value at the point of connection, with a defined droop characteristic. The droop 
factor defines the per unit voltage error per unit of converter reactive current 
within the current range of the converter. The automatic voltage control uses 
voltage feedback signals, usually representing the magnitude of the positive 
sequence component of bus voltage P. 


7.3.1.2 Functional control of the series converter 


The series converter controls the magnitude and angle of the voltage vector Pq 
injected in series with the line. This voltage injection is, directly or indirectly, 
always intended to influence the flow of power on the line. However, ,, is 
dependent on the operating mode selected for the UPFC to control power flow. 
The possible operating modes include: 

Direct voltage injection mode. The series converter simply generates the 
voltage vector, p, with the magnitude and phase angle requested by the reference 
input. This operating mode may be advantageous when a separate system 
optimization control coordinates the operation of the UPFC and other FACTS 
controllers employed in the transmission system. A special case of direct voltage 
injection is when the injected voltage vector, §,,, is kept in quadrature with the 
line current vector, f, to provide purely reactive series compensation. 

Line impedance compensation mode. The magnitude of the injected voltage 
vector, ,,, is controlled in proportion to the magnitude of the line current, 7, so 
that the series insertion emulates a reactive impedance when viewed from the line. 
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The desired impedance is specified by reference input and in general it may be a 
complex impedance with resistive and reactive components of either polarity. A 
special case of impedance compensation is when the injected voltage is kept in 
quadrature with respect to the line current to emulate purely reactive (capacitive or 
inductive) compensation. This operating mode may be selected to match existing 
series line compensations in the system. 

Phase angle shifter mode. The injected voltage vector Ÿ, is controlled with 
respect to the “input” bus voltage vector P, so that the “output” bus voltage vector 
§, is phase shifted relative to §, by an angle specified by the reference input. A 
special case of phase shifting is when §,, is kept in quadrature with #, to emulate 
the “quadrature booster”. 

Automatic power flow control mode. The magnitude and angle of the injected 
voltage vector, #,,, is controlled so as to force such a line current vector, 7, that 
results in the desired real and reactive power flow in the line. In automatic power 
flow control mode, the series injected voltage is determined automatically and 
continuously by a closed-loop control system to ensure that the desired P and Q 
are maintained despite system changes. The transmission line containing the 
UPFC thus appears to the rest of the power system as a high impedance power 
source or sink. This operating mode, which is not achievable with conventional 
line compensating equipment, has far reaching possibilities for power flow 
scheduling and management. It can also be applied effectively to handle dynamic 
system disturbances (e.g., to damp power oscillations). 


7.3.1.3 Stand alone shunt and series compensation 


The UPFC circuit structure offers the possibility of operating the shunt and series 
converters independently of each other by disconnecting their common dc 
terminals and splitting the capacitor bank. In this case, the shunt converter 
operates as a stand-alone STATCOM, and the series converter as a stand-alone 
SSSC. This feature may be included in the UPFC structure in order to handle 
contingencies (e.g., one converter failure) and be more adaptable to future system 
changes (e.g., the use of both converters for shunt only or series only 
compensation). In the stand-alone mode, of course, neither converter is capable of 
absorbing or generating real power so that operation only in the reactive power 
domain is possible. In the case of the series converter this means severe 
limitations in the available control modes. Since the injected voltage must be in 
quadrature with the line current only controlled reactive voltage compensation or 
reactive impedance emulation are possible for power flow control. 


7.3.2 Basic control system for P and Q control 


As illustrated in Figure 7.12, the UPFC has many possible operating modes. 
However, in order to keep focused on the subject of this chapter, only the 
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automatic power flow control mode, providing independent control for real and 
reactive power flow in the line, will be considered further. This control mode 
utilizes most of the unique capabilities of the UPFC and it is expected to be used 
in the majority of practical applications, just as the shunt compensation is used 
normally for automatic voltage control. Accordingly, block diagrams giving 
greater details of the control schemes are shown for the series converter in Figure 
7.13(a) and for the shunt converter in Figures 7.13(b) and 7.13(c) for operating in 
these modes. For clarity, only the most significant features are shown in these 
figures while less important signal processing and limiting functions have been 
omitted. 


Į 
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Figure 7.13(b) Functional block diagram of the shunt converter control for 
operation with constant dc link voltage 
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Figure 7.13(c) Functional block diagram of the shunt converter control for 
operation with varying dc link voltage 


The control scheme shown in Figure 7.13(a) assume that the series converter 
can generate output voltage with controllable magnitude and angle at a given dc 
bus voltage. The control scheme for the shunt converter shown in Figure 7.13(b) 
also assumes that the converter can generate output voltage with controllable 
magnitude and angle. However, this may not always be the case, since the 
converter losses and harmonics can be reduced by allowing the dc voltage to vary 
according to the prevailing shunt compensation demand. Although the variation 
of the dc voltage inevitably reduces the attainable magnitude of the injected series 
voltage when the shunt converter is operated with high reactive power absorption, 
in many applications this may be an acceptable trade-off. In the control scheme 
for the shunt converter shown in Figure 7.13(c) the magnitude of the output 
voltage is directly proportional to the dc voltage and only its angle is controllable. 
With this control scheme the dc capacitor voltage is changed (typically in the 
+12% range) by momentary angle adjustment that forces the converter to 
exchange real power with the ac system to meet the shunt reactive compensation 
requirements. 

As shown in Figure 7.13(a) the automatic power flow control for the series 
converter is achieved by means of a vector control scheme that regulates the 
transmission line current, using a synchronous reference frame (established with 
and appropriate phase-locked loop producing reference angle @) in which the 
contro] quantities appear as dc signals in the steady state. The appropriate reactive 
and real current components, i, and ip» are determined for a desired Pret and Oper. 
These are compared with the measured line currents, i, and i,, and used to drive 
the magnitude and angle of the series converter voltage, ¢,,,, and p, respectively. 
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Note that a voltage limiter in the forward path is employed to enforce practical 
limits, resulting from system restrictions (e.g., voltage and current limits) or 
equipment and component ratings, on the series voltage injected. 

A vector control scheme is also used for the shunt converter, as illustrated by 
the block diagrams of Figures 7.13(b) and (c). In this case the controlled quantity 
is the current f,, drawn from the line by the shunt converter. The real and reactive 
components of this current, however, have a different significance. For the 
scheme of Figures 7.13(b), the reference for the reactive current, img> is generated 
by an outer voltage control loop, responsible for regulating the ac bus voltage, and 
the reference for the real-power bearing current, isp > is generated by a second 
voltage control loop that regulates the dc bus voltage. In particular, the real power 
negotiated by the shunt converter is regulated to balance the dc power from the 
series converter and maintain a desired bus voltage. The dc voltage reference, 
Vare May be kept substantially constant. In the scheme shown in Figure 7.13(c), 
the outer voltage loop regulates the ac bus voltage and also controls the dc 
capacitor voltage. This outer loop changes the angle a of the converter voltage 
with respect to the ac bus voltage until the dc capacitor voltage reaches the value 
necessary for the reactive compensation demanded. The closed-loop controlling 
the output of the series converter is responsible for maintaining the magnitude of 
the injected voltage, v,,, in spite of the variable dc voltage. 

The most important limit for the shunt converter is imposed on the shunt 
reactive current which is a function of the real power being passed through the dc 
bus to support the real power demand of the series converter. This prevents the 
shunt converter current reference from exceeding its maximum rated value. 

The control block diagrams shown in Figure 7.13 represent only a selected 
part of the numerous control algorithms needed if additional operating modes of 
the UPFC are also to be implemented. The block diagrams also omit control 
functions related to converter protection, as well as sequencing routines during 
operating mode changes and start-up and shut-down procedures. The overall 
control system typically incorporates several sophisticated computers and the 
extensive use of electronics. 


7.3.3 Dynamic performance 


The dynamic performance of the UPFC is illustrated by real-time voltage and 
current waveforms obtained in a representative TNA (Transient Network 
Analyzer) hardware model shown schematically by a simplified single-line 
diagram in Figure 7.14. The simple, two-bus power system modeled includes the 
sending-end and receiving-end generators with two parallel transmission lines 
which are represented by lumped reactive impedances as shown in the figure. 

One of the lines is controlled by a model UPFC. The converters and the magnetic 
structure of the UPFC model accurately represent a 48-pulse structure used in an 
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actual transmission application (see Section 7.4). The UPFC power circuit model 
is operated by the actual control used in the full scale system. The performance of 
the UPFC is demonstrated for power flow control, for operation under power 
system oscillation and transmission line faults. 
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Figure 7.14 Simplified schematic of the power system and UPFC model used for 
TNA evaluation 


7.3.3.1 Power flow control 


The performance of the UPFC for real and reactive power flow control is 
demonstrated under the conditions of keeping the sending- and receiving-end bus 
voltages constant (the same 1.0 p.u. magnitude, and a fixed transmission angle) 
and operating the UPFC in the automatic power flow control mode. As 
established previously, in this operating mode the UPFC regulates the real and 
reactive line power to given reference values. As illustrated in Figure 7.15, the 
UPFC, via appropriate Pret and Qper inputs to its control, is instructed to perform a 
series of step changes in rapid succession. Firstly P is increased, then Q, followed 
by a series of decreases, ending with a negative value of Q. The waveforms, 
showing the injected voltage v,,(t), the system voltage at the two ends of the 
insertion transformer, v,(t)=v,(t) and v,(t)=v,(t)=v,()+Vv,,(t), and the line current, 
illustrate clearly the operation of the UPFC. It can be observed that the closed- 
loop controlled UPFC easily follows the Pre and Qp.- references, changing the 
power flow in approximately a quarter cycle. (Note that in a real system the 
power flow would normally be changed much more gradually in order to avoid 
possible dynamic disturbances.) 
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Figure 7.15 TNA simulation results for step-like changes in P and Q demands 
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7.3.3.2 Operation under power system oscillation 


The unique versatility of the UPFC for power flow control can well be 
demonstrated when the power system is subjected to dynamic disturbances 
resulting in power oscillations. Since the UPFC actually controls the effective 
sending-end voltage, it is capable of forcing a desired power flow on the 
transmission line under dynamic system conditions as well as in the steady-state. 
This capability can be used in several different ways to meet system requirements. 
If constant power flow is to be maintained, the UPFC will act to provide this, even 
if the conditions on the sending and receiving end buses are varying. In essence, 
the UPFC will dynamically decouple the two (sending-end and receiving-end) 
buses. If preferred, the UPFC can be commanded to force an appropriately 
varying power level on the line that will effectively damp the prevailing power 
oscillation. 

To demonstrate the potential of the UPFC under dynamic (oscillatory) 
conditions, the TNA system model was provided with a receiving-end (V,) bus 
programmed to have a damped second-order phase-angle response characteristic 
of a generator with a large inertia. The simple algorithm governing this 
mechanism assumes a defined source of mechanical power to the generator 
supporting the V, bus and matches this against the electrical power being delivered 
from the bus to the two transmission lines. Excess mechanical power causes an 
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acceleration with a resultant phase angle advance, and vice versa. In the steady 
state, the bus angle assumes a value in which the electrical and mechanical powers 
are exactly equal. The modified system model is shown in Figure 7.16. 
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Figure 7.16 Block diagram showing the "swing bus" and control algorithms for 
power oscillation damping 


To initiate a power oscillation in this simple system model, a fault was applied 
for a duration of several cycles through an impedance to ground at the V, bus as 
shown in Figure 7.16, simulating a distant fault condition. Three cases are 
presented in Figures 7.17 through 7.19 to illustrate dynamic response of the UPFC 
under various operating modes. The initial conditions for all three cases are 
identical, with the mechanical power request for generator V, programmed to 
produce a 1.0 p.u. real power flow from V, to V, Line impedances are such that 
with zero compensation (v,,=0), the UPFC line carries 0.75 p.u. real power while 
the remaining 0.25 p.u. real power flows through the parallel line. The UPFC is 
then operated to obtain 1.0 p.u. real power flow on its line, so that no power is 
transferred through the parallel line. In each of the three cases, the UPFC 
achieves this initial power flow using a different operating mode. 

The results of Figure 7.17 show the UPFC in direct voltage injection mode 
where the magnitude and angle of the injected voltage are adjusted by the operator 
(or by the system optimization control) until the desired power flow is achieved. In 
this operating mode, the UPFC has no effect on the dynamic performance of the 


The unified power flow controller 297 


system due to the applied fault, appearing only as a voltage source of fixed 
magnitude and angle, added to the sending end voltage. 

The results of Figure 7.18 show the UPFC in automatic power flow control 
mode with a constant reference. Here the UPFC holds the power flow on its line 
constant while the oscillating power required to synchronize the generators is 
carried entirely by the parallel line. Note the change in swing frequency since the 
impedance of the UPFC’s line no longer dynamically couples the two generators. 

In the final case, shown in Figure 7.19, the UPFC is in automatic power flow 
control mode with active damping control. The oscillation damping control 
algorithm is shown in Figure 7.16, where the rate of change of the differential 
phase angle between the sending-end and receiving-end buses (dd/dt) is sensed 
and fed into the real power command, Prep for the UPFC with the correct polarity 
and an appropriate gain. Clearly, it may be difficult to obtain the feedback for this 
algorithm in a real system, but the purpose here is to show the powerful capability 
of the UPFC to damp system oscillations. However, it seems plausible that any of 
those system variables available at, or transmittable to a given location of the 
power system, which were found to be effective inputs to other type of power 
flow controllers (e.g., TCSC) for power oscillation damping, would be applicable 
to the UPFC as well. 
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Figure 7.17 Power flow control during power oscillation with the UPFC in direct 
voltage injection mode (UPFC remains neutral to damping) 
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Figure 7.18 Power flow control during power oscillation with the UPFC in 


automatic power flow control with constant reference (UPFC maintains constant 
power flow in the controlled line) 
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Figure 7.19 Power flow control during power oscillation with an active damping 
control is added to the automatic power flow control of the UPFC (UPFC acts to 
damp the power oscillation) 
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7.3.3.3 Operation under line faults 


The current of the compensated line flows through the series converter of the 
UPFC. Depending on the impedance of the line and the location of the system 
fault, the line current during faults may reach a magnitude which would far 
exceed the converter rating. Under this condition the UPFC would typically 
assume a bypass operating mode. In this mode the injected voltage would be 
reduced to zero and the line current, depending on its magnitude, would be 
bypassed through either the converter valves, electronically reconfigured for 
terminal shorting, or through a separate high current thyristor valve. For the 
contingency of delayed fault clearing, a mechanical bypass breaker would also be 
normally employed. 
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Figure 7.20 Simplified schematic of the power system and UPFC TNA model 
showing the locations of external and internal system faults 


Two cases of line faults are considered in this section. The first is an external 
fault (fault is on the non-UPFC line) with normal clearing time. As illustrated in 
Figure 7.20, phase A of the parallel line faulted to ground at point Fault #1, 
effectively at the stiff sending end bus. The fault path has zero impedance, and 
prior to the onset, the UPFC is in automatic power flow control mode, controlling 
the power on its line at P=1.0 p.u. and Q=0.02 p.u. Six cycles after the fault, 
breakers BRK3 and BRK4 open, clearing the fault and restoring voltage to the 
UPFC. The breakers reclose nine cycles after opening. 

Resulting waveforms for this case are given in Figure 7.21. When the UPFC 
senses the overcurrent on faulted phase A, it immediately (at point 1 in the figure) 
activates the electronic bypass to protect the series converter. During the fault, the 
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shunt converter may, if desired, remain operational to supply reactive 
compensation. However, the gross voltage unbalance caused by the single line-to- 
ground fault, may cause considerable distortion on the compensating currents. 
These waveforms show normal fault clearing conditions, where the fault current is 
conducted by the electronic bypass switch. Should the fault clearing be delayed 
beyond the thermal capacity of the electronic switch, a mechanical bypass would 
be initiated. If the series transformer is mechanically bypassed, a specific 
reinsertion sequence for the UPFC would be required, as shown in the next fault 
case. 
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Figure 7.21 UPFC response to an external phase A to ground fault with normal 
clearing 


The unified power flow controller 301 


Six cycles after initiation the fault is cleared (at point 2) when BRK3 and 
BRK4 open, restoring balanced voltage to the line with the UPFC. Line 
conditions quickly return to normal and the UPFC responds by removing the 
electronic bypass and immediately returning to the pre-fault power flow control 


mode (point 3). Breakers BRK3 and BRK4 reclose with no noticeable effect 
(point 4). 
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Figure 7.22 UPFC response to an internal phase A to ground fault with delayed 
clearing 
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Chapter 8 


Electromagnetic transient simulation studies 


J.Y. Liu and Y.H. Song 


8.1 Introduction 


Electromagnetic transient simulation studies are necessary for assessing the 
interactions between the power electronics subsystem of FACTS and the power 
system network, and for control design and evaluation. SPICE and EMTP are two 
digital simulation tools widely used in the simulations of power electronics 
devices. SPICE stands for Simulation Program with Integrated Circuit Emphasis. 
It is better suited for use in power electronics device models, while EMTP is a 
very powerful program for modelling power electronics applications in power 
systems because of the built-in models for various power system components. In 
addition, specialized programs such as NETOMAC and EMTDC have also been 
used. These programs have been used to digitally simulate various FACTS 
devices [1-6], including SVC, CSC, STATCOM, and UPFC. In this chapter, 
detailed description on UPFC [7] will be given to illustrate the procedures 
involved. 

For simulating the UPFC under electromagnetic transient states, the UPFC 
model should be set up including its power electronics subsystem. Figure 8.1 
shows the detailed topology of the two voltage source type bridge inverters, which 
are distinguished by the following features: (i) The capacitor is across the dc link; 
(ii) The systems are on the ac side; (iii) Each valve has an antiparallel diode across 
it. It is assumed that the dc link voltage is always present and sufficiently high 
with respect to the ac line voltage so that the antiparallel diodes are normally 
reverse biased. The valves are triggered on and off by logical signals to their gates 
from the firing control block. This type of circuit configuration has been widely 
used in various industrial applications such as transportation transaction, machine 
drives and UPS. The UPFC using above typical GTO based voltage-source 
inverters is illustrated in Figure 8.2, in which each inverter leg is composed of a 


GTO valve and a diode valve in antiparallel connection to permit bidirectional 
current flow. 
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Figure 8.1 The internal relationship 
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Figure 8.2 UPFC arrangement 


In general, two methods [8] are employed to trigger the turn-on and turn-off 
signals of converters as the internal controllers: (i) Square wave method; (ii) Pulse 
width modulated method (PWM). The former is widely used in rectifiers, 
inverters and is also considered in UPFC design. Reference [9] demonstrates the 
performance of a UPFC employing 48-pulse inverters controlled by the square 
wave method. Although the square wave method shows high quality performance, 
low harmonic generation, minimum operating losses, it requires a more complex 
magnetic structure. In recent years, the PWM has been considered to develop new 
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FACTS devices, such as the PWM-STATCON, PWM-HVDC, series-type PWM 
compensator, and PWM phase-shifter [10-13]. This is because PWM converters 
have some important characteristics such as: (i) near sinusoidal current 
waveforms; (ii) 0-360° angle operation; (iii) bidirectional power transfer 
capability through reversal in the direction of flow of the dc link current; and (iv) 
direct and continuous control of the source voltages on both sides without change 
of dc-link voltage. If the PWM method is used in the UPFC, the UPFC will 
generate low harmonics, require simple magnetic structure, and be relatively 
inexpensive. Thus the PWM design approach was initially chosen for simulation 
studies of the UPFC. This chapter will investigate the simple double six pulse 
converters with the objective of better understanding the basic relationship 
between the control and functions of the PWM UPFC. 

So far, many PWM methods have been developed with their own advantages 
in different fields. Generally speaking, PWM schemes are divided into two 
groups: (i) carrier-based PWM; (ii) carrierless PWM. Their characteristics and 
application in various areas can be found in Reference [14]. The carrier-based 
PWM includes: the sinusoidal PWM scheme (SPWM), the modified sinusoidal 
PWM technique, the third-harmonic injection PWM technique, and the harmonic 
injection PWM technique. In particular, SPWM has a number of advantages [14]. 
This chapter presents the performance and capability of the UPFC using the 
SPWM technique, and its aim is to provide information as to how the converters 
are controlled to realize the functions of the UPFC. 


8.2 Principles of the UPFC based on SPWM inverters 


The UPFC proposed for control of active and reactive power in ac systems is 
typically involved with the use of a forced-voltage source six-pulse inverter bridge 
which is illustrated in Figure 8.2. When the inverter operates under the control of the 
SPWM, it gives the relationship between the fundamental component of the ac 
voltage V,, and the direct voltage V,,: 


Vin = K(ma) Vic (8.1) 


for m,;<1.0, K(m,,)=0.612m,,, 3-phase 
A single phase diagram corresponding to a VSI connected to the utility system 
through a transformer is given in Figure 8.3. In this case, the general expression 


for the apparent power flowing between the ac mains side V, and the ac side V,, of 
the VSI is as follows: 
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VoV; VoV, 
So= sino- - (< Ka cosg,- Pe- (8.2) 


Where @, is the phase displacement between V, and V,,. 

When the shunt part and series part of the UPFC operate under the SPWM, 
they have different functions. According to the concepts of the UPFC, the 
functions of the series part are achieved by adding an appropriate voltage phasor 
V to the terminal phasor V, as shown in Figure 8.4. Because V, can be regulated 
by amplitude and angle, it is important to analyze how V,, is regulated by SPWM. 
It is assumed that the dc link voltage V, in the UPFC circuit is kept constant by 
inverter 1, which can be readily realized by changing the phase angle 6, between 
V, and Va. Therefore, the series voltage output of ac side terminal of inverter 2 
can be obtained: 


Vig = Tr mV a¢(COSA, + jsin O2)/2 (8.3) 


where T, is the ratio of the series transformer, m,, modulation ratio of inverter 2, and 
@, is the phase shift angle between V,, and Vo. Thus V,, is defined by m, and 6, and 
can be proportionally controlled by different m, and @, according to the concepts of 
the UPFC which is shown in Figure 8.4. In this way, the UPFC can partially fulfill 
the functions of voltage regulation, series compensation, phase angle regulation, and 
multi-function power flow control through regulating inverter 2 based on the SPWM 
method. 


Vo 


VSI 


Figure 8.3 A single diagram corresponding to a VSI connected to the utility 
system through a transformer 
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Figure 8.4 Phasor diagram of multiple control scheme 


For the shunt part of the UPFC, it not only provides the active power to charge 
or discharge the direct link capacitor and keep V} constant, but also has the 
function of a synchronous solid-state var compensator (SVC), which can control 
the voltage V, through regulating V,a. It is in principle straightforward to meet the 
requirements of regulating V,, and V, simultaneously with SPWM through control 
of 0, and m,, respectively. However, from equation (8.2), changing V, not only 
results in changing the reactive power flow but also changing the active power 
flow, and can thus lead to changes in V,,. At this time, 0, should be regulated in 
order to keep V,, constant. Under the above assumptions, the inverter 1 has the 
following operating characteristics: 


(1) Active power flow is bilateral. It goes from V, bus to V,, bus for lagging 0, and 
vice versa for leading 6; 

(2) Assuming @, is used to keep V,, constant, the shunt part of the UPFC absorbs 
reactive power when V> Vm which can be realized through decreasing m,,; 

(3) Assuming 4 is used to keep V,, constant, the shunt part of the UPFC supplies 
reactive power when V,<V,,, which can be realized through increasing m. 


The SPWM UPFC can thus control transmission line terminal voltage and 
power along the line by regulating m,,, 0, Ma, and @, of inverters 1 and 2. 
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8.3 EMTP/ATP simulation 
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Sw itches 
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line ending source inputs 
Initial conditions 


Outputs 
BLANK line ending outputs a 


P lotting 
FOURIER analysis 


H 
$ 


line ending plotting inputs . 


BEGIN NEW DATA CASE 


Figure 8.5 Date file structure for EMTP/TACS HYBRID case 


8.3.1 The EMTP/ATP program 


EMTP - Electromagnetic Transients Program is a full — featured transient analysis 
program, initially developed for electrical power systems. It is also capable of 
simulating controis, power electronics, and hybrid situations. The program 
features an extremely wide variety of modelling capabilities encompassing 
electromagnetic and electromechanical oscillations ranging in duration from 
microseconds to seconds. Some main features of it are described as follows: 
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8.3.1.1 Types of EMTP studies 


EMTP is used for a wide variety of studies. Some of the important applications 
associated with power electronics and FACTS applications include: 


HVDC operation and controls 
Various FACTS operations 
General control system analysis 
Protection systems 

Harmonic propagation analysis 


8.3.1.2 Structure of data format of EMTP 


Figure 8.5 gives a date file structure combined general data format of EMTP with 
that of Transient Analysis of Control Systems (TACS). 


8.3.1.3 TACS and selected representation of the GTO device model 


In EMTP, power systems transients and control systems could be modelled 
simultaneously to study their dynamic interaction. "Sensors" pick up signals from 
the power system (often briefly called the Network) for input to the control system 
(called TACS). Commands are forwarded from the control system to the power 
system as shown in Figure 8.6. 


Power System 
(Network) 


Sensors 
Current 
Voltage 
States 


Functions 
Sources 
Commands 


Control System 
(TACS) 


Figure 8.6 Interaction between power system (network) and control system 


(TACS) 


The procedure for setting up models of FACTS and the UPFC by 
EMTP/TACS is to derive mathematical models from the real-world device 
configurations. For example, the GTO is a key device in the UPFC whose original 
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prototype and characteristics are shown in Figure 8.7 (a) and (b). However, it can 
be simplified to Figure 8.7 (c) so as to match the device type provided by EMTP, 
shown in Figure 8.8. In this case, the GTO becomes an idealised switch, which 
can be controlled by signal feedback from the network according to TACS 
working. These signals should be carefully chosen and calculated from the 
scheme of control strategies. Therefore, from this point of view, modelling, 
simulation and control of the UPFC is an integrated process. 


Figure 8.7 A GTO: (a) symbol, (b) i-v characteristics, (c) idealised characteristics 


Ist node 2nd node 


Peete y 


TAC S-controlled 
OPENING/CLOSING"SIGNAL" 


Figure 8.8 Type-11 switch for diode and valve 


8.3.2 SPWM scheme generated by EMTP/ATP TACS 


SPWM switching is a scheme where a control signal Via. (constant sinusoidal 
wave or varying in time according to control mode) is compared with a repetitive 
switching frequency triangular waveform, in order to generate switching signals. 
Controlling the switch duty ratios in this way allows the average ac voltage output to 
be controlled. With reference to Figure 8.9 (the diagram is generated by TACS of 
EMTP according to SPWM theory which will be described in detail in the next 
section), the frequency of the triangular waveform establishes the inverter switching 
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frequency f, and is generally kept constant along with its amplitude V,;. The control 
signal VW is used to modulate the switch duty ratio and has a frequency fi, which 
is the desired fundamental frequency of the inverter voltage output, recognizing that 
the inverter output voltage will not be a perfect sine wave and will contain voltage 


components at harmonic frequencies of f. Thus, the amplitude modulation ratio m, 
is defined as 


= V controt 
V ri 


Ma 


(8.4) 


gate signal 


A 


ii 
IIIA 
TR 


t(s) 


Veontrot 


Figure 8.9 PWM signal generated by TACS 


The frequency modulation ratio mẹ is defined as 


m= (85) 


Therefore, three parameters are adjusted to adapt the simulation of the UPFC 
system interaction: 


(1) In order to keep the SPWM operating in the linear modulation range, m, 
should be from 0 to 1. In this case, Voon determines the amplitude of the 
sinusoidal modulating waveform and therefore modifies the position of its 
intersections with the constant amplitude triangular carrier waveform, and 
hence m, Vemo! is generally derived from the system control objective, whose 
amplitude and phase depend on their different requirements. 

(2) Because the power system keeps a constant frequency of 50Hz, mis chosen as a 
large number, 15 in this case (i.e a repetition rate of 750 Hz), which means that 
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the triangular waveform signal and the control signal are synchronized to each 
other and the amplitudes of harmonics are small. Therefore, both the frequencies 
of the Vion and the V,, are kept constant during the UPFC operation. 

(3) The phase displacement between V,,,,,.. and Vu; could be regulated according to 
the demands of the magnitude and direction of power flow. Therefore, two 
regulating parameters m, and @ can be employed as internal controls to 
manipulate the turn-on and turn-off signals of two back-to-back inverters of the 
UPFC. 


8.3.3 EMTP model development for systems with UPFC 


The simulation system suitable for electromagnetic study is often chosen to be a 
simple system with the objective of understanding the UPFC internal regulation 
concept and interaction with the system. The system as shown in Figure 8.10 
includes two three-phase 400kV sources which have a 10° phase separation, a double 
circuit 62 km 400 kV transmission line, and the UPFC which is connected to the 
system at the sending end of the transmission line. This type of 400 kV double 
circuit is the major type used in British EHV transmission systems. The whole 
system contains the necessary components for simulating UPFC, which is 
implemented in EMTP/TACS data format. Each circuit component has its own 
associated data input format specified by the EMTP manual. Besides these system 
circuit components, some factors must be taken into consideration in order to operate 
the system properly, for instance, the snubber circuit needs to avoid numerical 
instability in the EMTP simulation, power meters are used as the output simulation 
results and input of closed-loop controllers. The whole list of components for the 
EMTP model for this system is as follows: 


Power meters and sampling 
Harmonics filters 
Closed-loop control circuits 


e Sources and transmission lines 

e Transformers: shunt and series 

e UPFC and snubber circuit 

e SPWM generator for gate firing signals of GTO 
e = Synchronization 

e 

e 

e 


This section mainly describes how to set up the EMTP model for the first six 
components. The others will be introduced in the following sections. 
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P+jQ,_ 


Figure 8.10 EMTP UPFC model in a simple system with control of UPFC 


8.3.3.1 Sources and transmission lines 


(i) EMTP provides many types of sources to be chosen for different studies, such as 
voltage source, current source and series voltage sources. These sources can be 
defined as step, ramp, slope ramp, normal sinusoidal function, with given starting 
and stopping times and phases. In the UPFC study, the two terminal sources are 
specified as type 14 voltage sources of normal sinusoidal function, whose 
parameters include: connection bus name, peak value of the amplitude and phase 
displacement per phase. There is a defined phase displacement between two 
sources to allow power transmission. 

(ii) The transmission lines are adopted as the resistance, inductance and capacitance 
matrix (both symmetrical components and phase components) for the given 
configuration of overhead conductors through the ‘LINE CONSTANTS' function 
provided by EMTP. This matrix, the representation of transmission line 
parameters in more detail than that of conventional nominal PI circuit, can easily 
be inserted into the EMTP data file to provide a more accurate model of the lines. 
The input of ‘LINE CONSTANTS!’ includes: tower configuration, skin effect 
parameters and conductor physical parameters. 
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8.3.3.2 Transformer type: the shunt and series transformers of UPFC 


There are two types of transformers used in the UPFC EMTP data file. One is the 
three phase transformer for the shunt transformer of the UPFC, whose configuration 
is wye-wye. Another is the single phase transformer for the series one of the UPFC. 
Both types of transformers can take account of saturation effects. However, no 
saturation effects are considered for simplicity. The ratio for the primary winding 
with respect to secondary winding and leakage impedance of the windings are the 
parameters needed for input of the transformer type. 


8.3.3.3 UPFC and snubber circuit 


The voltage source inverter is the heart of the UPFC. The three, full-wave inversion 
bridge is built using three identical GTO inverter legs. A dc capacitor is the link to 
the voltage source inverters of the shunt part and the series part of the UPFC. They 
are represented in the EMTP model by a type-11 diode and a type-11 TACS 
controlled switch respectively. The type-11 switch can be used to simulate a switch 
which may be simultaneously controlled by any given TACS variable while 
following the simple opening/closing rules of a standard diode. 


(i) The type-11 switch acts as a diode when the open/close signal is not applied (no 
TACS control). 

(ii) When the open/close signal is specified (the switch acts neither as a diode nor as 
a valve), the type-11 switch is purely TACS-controlled and can be sed 
successfully to model GTOs. A positive signal will result in an immediate closing 
of the switch and this will remain closed as long as this positive signal is active. It 
can conduct arbitrarily large currents with zero voltage drops. A negative signal 
will result in an immediate opening of the switch (irrespective of the 
instantaneous current flow) and this will remain open as long as the negative 
signal is active. It can block arbitrarily large forward and reverse voltages with 
zero current flow. The change of signal from positive/negative to 
negative/positive is assumed to be instantaneous when triggered. The trigger 
power requirement is assumed negligible. In this case, the type-11 switch acts as 
an ideal GTO, whose signal comes from internal control blocks of the SPWM. 


It is worth mentioning the role of the snubbers in the EMTP model. Physically, 
voltage snubbers are required solely to prevent the switching device from seeing an 
excessive rate of voltage change. However, the snubbers shown in Figure 8.11 of 
this EMTP representation are also for controlling the numerical oscillation associated 
with the Trapezoidal solution method. As a result, the parameters required for the 
snubbers in the EMTP model are dependent on the circuit being simulated and the 
step size selected for the solution. Generally, the minimum RC time constant should 
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be greater than 2-3 times the step size. For this study, simple RC snubber circuits are 
used, while assuring the numerical stability of the simulations. 


Oe eee eee toe 


snubber 
circuit 


rs) 


Figure 8.11 Diagram of circuit on every bridge of VSI-inverter 


8.3.3.4 SPWM generator for firing signals of GTO 


To effectively control the UPFC and especially to control GTO switches, it is 
necessary to model the generation of SPWM signals which are used to trigger the 
turn-on or turn-off of the GTO. In this respect, the Transient Analysis of Control 
System (TACS) (or its equivalent MODELS) of the EMTP provides the way to set 
up the SPWM switch scheme for controlling the GTO thyristor valves of the inverter 
[15]. Through using various functions such as the transfer function blocks and 
FORTRAN-like logical statements provided by TACS, the SPWM control signal 
where the amplitude and frequency modulation ratios can be changed is shown in 
Figures 8.9 and 8.12. The SPWM control accepts an analogue sinusoidal modulating 
waveform signal from each of the 3-phases and an analogue triangular carrier signal, 
and based on detecting the intersection points it generates gating signals to the GOs 
of the bridge. The block labelled m,sin(at+ 9) is the key to realize the regulation of 
SWPM. When m, @ and @ are specified as some values, the UPFC operates under 
the control of the open-loop controller. When m, @ 0 are derived from the system 
operation and set-points, the UPFC acts under the control of the closed-loop 
controller. Both cases have their different purposes and will be simulated in the 
following sections. From the expression, it can be seen that the controlled variable 


can have very large changes in its amplitude and phase in full circle under the 
control of SPWM. 
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comparator 


gate signal 


Figure 8.12 Transfer function of TACS to generate gate signal of the inverter 


8.3.3.5 Synchronization 


In the generation of SPWM signals, the phase displacement 6 is the ideal phase of 
the controlled variable with reference to the phase of the connected bus which is 
assumed to be zero degrees. This assumes the existence of a perfect three-phase 
voltage source (i.e. infinite bus) right at the point of common coupling (PCC) 
between the AC and DC system. In technical terms, it can be said that the system 
interface has infinite strength, or that it has an infinite effective short circuit ratio 
(ESCR). However, this is not true in practice because of voltage distortion at the 
PCC and voltage synchronization problems. For example, the phase of V, in Figure 
8.10 is not zero and its wave does not always have a pure sinusoidal waveform. The 
absence of perfect voltage sources at PCC implies the following: 


(i) AC voltages at the AC/DC interface will always have some degree of distortion, 
even with filters installed. 

(ii) Three-phase bus voltages at the interface may be unbalanced, say in the event of 
a single-line-to-ground fault on the AC side. 

(iii) As the loading of the system changes, so do the bus voltages. The changes in 
bus voltages at PCC occur in magnitude as well as phase angle. 


In order to successfully obtain the required information on the phase angle © of the 
fundamental AC busbar voltage, a voltage synchronization system is introduced as 
follows: 

Assume AC bus voltage as: 


V, = Va cos(wt + O) (8.6) 
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Through the use of Fourier analysis: 


2 gel fv p (t) cos atdt 
2 i, v(t) cos ætdt - [o(ocosaxds | (8.7) 
t-T 
mA 
a p v(t)sin ætdt 
ohh fu()sin axat - [sinara | (8.8) 
t-T 


Note that the above equations can be implemented in TACS with the same 
concepts as the power meter (whose realization will be described in 'Power meters 
and sampling’). 

V,, can now be obtained from 


Va = Jo +5? (8.9) 


The determination of © needs more elaboration. The difficulties arise from the 
lack of structured IF THEN_ELSE statements in EMTP. To circumvent the 
problem, the following expression is suggested: 

-S, 
@= au 5 =A. +{C,.LT.0}* x (8.10) 
1 

The above expression will correctly return values of © ranging from -90° to 
+270°, which generally covers the operation range of the phase for any given bus 
voltages. 

Once @ is obtained, m,sin(at+ can be changed into m,sin(at+ 6+ 0), in 
which the controlled variable will synchronize with the AC connected bus. 


8.3.3.6 Power meters and sampling 


In EMTP, some function monitoring of variables has been provided, such as 
voltages, currents and instantaneous powers. However, of more practical interest is 
the average power over a period of time T because this is often treated as the input to 
the proposed closed-loop controller of the UPFC. The rate of sampling is also 
important to the performances of controllers, which is directly related to the 
_ numerical stability of the controller. 
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(i) Power meters 
The instantaneous power in any electrical component is given by 


P(t) = v(t) *i(t) (8.11) 
The average power over a period of time T is formulated by: 


1 t 
= fode (8.12) 
t-T 
The period of time T is usually one period of the fundamental frequency f. For 50 
Hz, the period becomes: 


T= — == =0.02s (8.13) 


The average power P is constant in steady-state. But the average power varies 
with time during transients. Then the average power P(t) is of interest during the last 
half cycle on a continuous basis. It can be found by continuously computing p(t) and 
splitting the integral into two components. 


t t-T 
P= 1l foa- f ros 
= =P -P-7)| (8.14) 


The second integral has the value of the first integral delayed by T seconds. This 


suggests an implementation in TACS. The delay of the value of P(t) by time T is 


readily obtained by using TACS Device Code 53: Transport Delay. Its output value 
is equal to the input value delayed by time 7. 


(ii) Sampling and control references 

In this EMTP UPFC model, closed-loop control is accomplished by monitoring 
the variables to the transmission line and UPFC and then generating gate signals for 
the inverters to create voltages that will regulate system variables. Sampling of these 
variables must be at a high enough rate to accurately characterize all variables to be 
controlled. Then the sampled variables are further processed and sent to the 
controllers as the practical input. To ensure the accuracy of the overall system 
modelling and to avoid possible numerical oscillation, simulation of this entire 
system involving fast GTO switching actions requires a much smaller time step. If 
the actual sampling rate is ignored and every calculated point is used for control 
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reference derivation, any interaction between the sampling and the firing control 
would not be correctly simulated. Since the control response times are so short for 
the UPFC application, these interactions can be important. Discrete sampling is 
represented in the model by using a type-58 TACS device to simulate the sampling. 

Finally, a diagram including the system, UPFC, and its internal control as well 
as system state definitions is shown in Figure 8.10. 


8.4 Open-loop simulation 


In this section simulation results from EMTP using detailed modeling of the UPFC 
based on SPWM inverters are presented. The SPWM switch scheme for controlling 
the GTO thyristor valves of the inverters has been set up using TACS with EMTP, in 
which the SPWM control signal can be generated according to open-loop simulation 


or closed-loop control studies. Two sets of some typical open-loop simulation results 
follow: 


8.4.1 Simulation of SPWM UPFC regulation performance 


(i) The first group of results only consider the series part of the UPFC and the 
Va is kept to 65kV. When V,, is kept constant, V,, is regulated by changing 
my and @, which is shown in Figures 8.12 — 8.15. When the system 
operates only with the control of the series injected voltage, it can be 
clearly seen from the figures when @, is changed from 0° - 360°, Vq rotates 
according to the analysis of Figure 8.4. And when m, decreases V, also 
reduces which is shown in Figure 8.16. 


0.11 t(s) 


Figure 8.12 Simulation results of Vo, V, and V, when V4.=65kV, m.=0.8, and @,=0° 
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Figure 8.13 Simulation results of Vy V and V, when V=65kV, m.=0.8, and 
6,=90° 


0.11 t(s) 


Figure 8.14 Simulation results of Vy V and V, when V4 =65kV, my=0.8, and 
8,=180° 
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Figure 8.15 Simulation results of Vy Vp and V, when V4 =65kV, m,„=0.8, and 
8,=270° 
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Figure 8.16 Simulation results of Vy Vp and V, when V4.=65KV, m.=0.4, and 
2,=90° 


(ii) The second group of results mainly concern the shunt part of the UPFC. When 
V,, is kept constant at 65kV in this case through regulation of @, then V, is 
controlled through regulation of m,,, which is shown in Figures 8.17~8.19. 
When the UPFC connects to the V, bus, the shunt part of the UPFC can 
compensate the reactive power needed by the system in order to increase V, or 
absorb the reactive power to decrease V, From these figures, different 
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conditions which show leading or the lagging compensation are presented. 
When m,,=0.8, there is no exchange of reactive power and V, and 7, are thus in 
the same phase. When m,,=1.0, the compensation is maximized and /, thus leads 
Vo. When m,=0.6, the inverter absorbs reactive power and /, thus lags Vp. 


0 0,006 0.012 0.018 0.024 0.03 0.03 0.042 0.048 0.054 006 0.066 0.072 0.078 t(s) 


Figure 8.17 Simulation results of Vy V, and I, when m,,=0.6, Vs=65kV, m.=0.8, 
and 0,=90° 
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Figure 8.18 Simulation results of Vy V, and I, when m,,=0.8, Vs,=65kV, my=0.8, 
and 0,=90° 
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Figure 8.19 Simulation results of V,, V, and I, when m,,=1.0, Vi.=65kKV, m,,=0.8, 
and 6,=90° 


Table 8.1 List of regulating parameters and power under different cases (the 
series part of the UPFC) 


8.4.2 Results of the power flow and voltage support under control of 
SPWM UPFC 


When V,, is kept constant, the amplitude and phase of V, can be regulated to control 
the line power flow. In these cases corresponding to Figures 8.12 — 8.25, the double 
circuit transmission line power flow is effectively controlled, which is shown in 
Table 8.1. Examining the phasor of V in relation to others shows that the angle 
between V, and V, as well as the magnitude of V, qualitatively reaches a maximum at 
8=90° which transfers maximum P; but when @=180° there is no change; and the 
magnitudes of both V, and P decrease for values of m, less then 1.0. When V, is 
controlled by the shunt part of the UPFC, the UPFC acts as a STATCON to give 
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voltage support. Its impacts on power flow can also be found in Table 8.2 which 
corresponds to Figures 8.16-8.19. 


Table 8.2 List of regulating parameters and power under different cases 


8.4.3 Operating envelope of UPFC 


Based on a large number of simulation results and analysis, the operating envelope 
of the UPFC at a specified condition can be deduced. Generally speaking, it is 
difficult to define the operating envelope of the UPFC because all four parameters 
Ma, 4, Ma and @, will couple together to affect the regulation of the SPWM UPFC. 
As to the normal operation of GTO valves, it often keeps V} at a minimum voltage 
under which the valves will extinct. In this case, it is easy to obtain the operating 
envelope of power vs. m,, and @, for the series part and the full operating envelope of 
the UPFC at V =65kV; this is shown in Figures 8.20 and 8.21. From Figure 8.20, it 
can be seen that P and Q can be regulated within a wide range just by control of m,, 
and @,. Figure 8.21 shows that the operating envelope of power will be extended 
when inverter 1 also takes part in regulating. 
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Figure 8.20 Operating envelope of the series part 
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Figure 8.21 Operating envelope of the series part of the UPFC using PWM 
regulation 


8.5 Close-loop simulation 


An internal controller for the UPFC has been designed for preliminary evaluation 
studies. In this respect, the UPFC controller is designed as a proportional-integral 
feedback type controller which is shown in Figure 8.22. In Figure 8.22, Xinpu 
represents the variable from the system to be controlled, such as active transmission 
line power or voltage of dc-link capacitor. Xjeference is the desired value. A PI-type 
function is the conventional structure. The limiter forces the SPWM to operate in a 
linear range. Yorn is one of input control signals to the SPWM, that is m, or Oor œ 
in Figure 8.11. The UPFC internal controller in Figure 8.11 has the same structure as 
in Figure 8.22. 


Figure 8.22 PI-type function block 
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There are three control parts in the UPFC: 


(1) The PI controller for the series part of the UPFC controls @, to follow the 


(2) 


(3) 


variation of P under the condition that m, is kept constant. P from the system 
is measured through a scaling factor and compared with the reference value. 
Through Pl-type function, the error between the reference and the measured is 
regulated to null. Generally, the modulation index m, can also be used to 
regulate the active power P of the transmission line. However, the regulating 
range of m, on P is narrower than that of A, (from Figures 8.20 and 8.21). So @, 
is chosen to control P only. In this case the capability of the series part is 
maximum if m,=1.0. It is important to notice that reactive power Q on the 
transmission line can not be controlled independently from P through either m, 
or @, which means that P can be controlled to the desired value through 4, 
while Q is forced to follow the path defined by Figure 8.20. 

The PI controller of the shunt part keeps V, constant by regulating m,, while PI 
control of @, regulates V}. In this case, the shunt part plays two roles in the 
operation of the UPFC: one is as dc voltage regulator using 6, which must 
convert the same amount of active power to replace the power that has been 
drained by the series part placed across the de link; another is reactive power 
generator using m,,, which can generate or absorb reactive power from full 
leading to full lagging in order to increase the feasible range of the connected- 
bus voltage. 

The capacitor on the dc side must remain properly charged in order for both 
parts of the UPFC to operate according to control objectives. Vs, and Viret are 
the monitored and the pre-set dc voltage, respectively. The two signals are 
compared and the difference is magnified through a PI controller. The output 4, 
of the PI controller is modulated with a sinusoidal signal synchronised with the 
system and hence regulates the dc voltage through charging or discharging the 
dc capacitor. 


Three PI controllers need to be designed to give a wide range of feasible solutions 
according to the operating envelope shown in Figures 8.20 and 8.21. However, it 
should be pointed out that such PI controllers are designed only to demonstrate the 
functions of the UPFC. For example, the PI-type function of P-@, should be 
designed to achieve any desired P within 0°~360° according to Figure 8.22. But the 
Pl-type function in our design can only operate within 0°-180° of @. So other 
design methods are needed to realize the required functions. 
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Figure 8.23(a) The simulation results of the internal controller’s performance 
corresponding to variations of the reference 


Figure 8.23(b) The simulation results of the internal controller’s performance 
corresponding to variations of the reference 
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Figure 8.23(c) The simulation results of the internal controller's performance 
corresponding to variations of the reference 
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Figure 8.23(d) The simulation results of the internal controller ’s performance 
corresponding to variations of the reference 
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Figure 8.23(e) The simulation results of the internal controller ’s performance 
corresponding to variations of the reference 
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Figure 8.23(f) The simulation results of the internal controller's performance 
corresponding to variations of the reference 
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Figure 8.24(a) The simulation results of the internal controller’s performance 
corresponding to variations of the reference 
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Figure 8.24(b) The simulation results of the internal controller’s performance 
corresponding to variations of the reference 


Figure 8.24(c) The simulation results of the internal controller's performance 
corresponding to variations of the reference 
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Figure 8.24(d) The simulation results of the internal controller's performance 
corresponding to variations of the reference 
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Figure 8.24(e) The simulation results of the internal controller’s performance 
corresponding to variations of the reference 
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Figure 8.24) The simulation results of the internal controller’s performance 
corresponding to variations of the reference 
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Figure 8.25(a) The simulation results of the internal controller’s performance 
corresponding to variations of the reference 
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Figure 8.25(6) The simulation results of the internal controller’s performance 
corresponding to variations of the reference 


In order to demonstrate the performance of the controller, three simulation 
results are shown in Figures 8.23, 8.24, and 8.25 where Primutations simulations Prets 
Vosimulstions and Foret represent phasor quantities, 6, and @, are outputs of PI 
functions, and Pa and Vye are the error to be controlled to null. The 
performances of control function and system impacts are classified into three 
parts: 


(1) In Figure 8.23, V, and V, references are kept constant during the simulation, and 
the references to P change from one steady-state to another at time 0.1s. By 
control of A, tracing the change of P, Pa is quickly controlled to null during the 
control period although P jumps to 820,000 kW from 585,000 kW at 0.1s. In 
this case, @ used to maintain dc voltage constant is nearly unchanged. 
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(2) In Figure 8.24, the reference voltage Varet for Vs, varies at 0.1s while V, and P 
are kept constant. Using PlI-type control, V,, can easily and quickly be 
modulated even with a large change in the reference value. 

(3) In Figure 8.25, only V, changes with time, and J, comes from lagging in phase 
with VY. 


In conclusion, it can be clearly seen that under these different conditions the 
UPFC is effectively controlled to trace the variations of the system, and the 
transient process from one steady state to another state is very short, within 
several cycles. In the closed-loop control demonstrations of PI-type function, the 
problems of power flow control and voltage support are also solved 
simultaneously. The whole control process is stable and the controller is robust 
and operates under different scenarios. 


8.6 Conclusions 


This chapter has described some research results of EMTP-based digital studies of 
SPWM UPFC. Useful insights into UPFC performance have been attained through 
detailed analysis and simulation of the UPFC internal structure and regulation 
method. Voltage and power control simulation results have demonstrated the 
functions of the UPFC. Studies have also indicated that PWM is a potentially 
promising method for the effective regulation of the UPFC. 

The whole process of setting up an EMTP based UPFC model has been 
discussed in detail. Firstly, SPWM scheme generation and the main factors 
affecting the functions and all aspects concerned with the model have been 
mathematically explained. Secondly, how the series part and shunt part of the 
SPWM UPFC are controlled and coordinated has been analyzed. Simulation 
results of SPWM UPFC regulation performance and open-loop control have been 
given to validate the described theory. The simulator has further been used to 
investigate the operating envelope and closed-loop control. This EMTP-based 
simulation of SPWM UPFC implementation has provided a useful tool to assist in 
the development and validation of more detailed and practical models of the 
UPFC for further studies. 
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Chapter 9 


Steady-state analysis and control 


Y.H. Song and J.Y. Liu 


9.1 Introduction 


Advances in high-power solid-state devices and control technologies have led to 
the development of a new range of flexible ac transmission systems (FACTS) 
devices. Thyristor-controlled static var compensators (SVC) are already in use, 
and phase shifters (PS) and unified power flow controllers (UPFC) are currently 
under development. The SVC is a thyristor switched parallel capacitor/inductor 
circuit used to supply leading and lagging reactive power compensation for 
voltage control. The PS (with many different types) can be used to control power 
flow by adding a voltage which is out of phase with the line voltage. The UPFC 
uses solid state synchronous voltage sources for both shunt and series 
compensation and for phase angle control. The UPFC thus provides simultaneous 
control of voltage and power flow, along with reactive power compensation. In 
addition, these devices can be used for dynamic and transient stability 
improvement. 

In order to effectively investigate the impact of FACTS devices on power 
systems, their modelling and implementation in power system software is 
essential. Generally speaking, there are three types of modelling: (i) 
electromagnetic models for detailed equipment level investigation [1-3], as 
described in Chapter 8; (ii) steady-state models for system steady state operation 
evaluation [4-14], which is the topic of this chapter; and (iii) dynamic models for 
stability studies [12-15], which will be discussed in Chapters 10 and 11. Although 
various studies have been made on steady-state analysis and control aspects, it is 
widely recognised that conventional power flow algorithms are convergence 
failure-prone when applied to power systems with embedded FACTS devices. In 
particular, this chapter will use the UPFC as an example device to illustrate four 
aspects of steady-state analysis in FACTS studies: (1) steady-state modelling of 
FACTS devices; (2) power flow and controlled power flow; (3) constraints 
handling and (4) comparison studies of different FACTS devices. 

Most of the steady-state models of the UPFC treat the UPFC either as one 
series voltage source and one shunt current source, or as two voltage sources 
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(both the series and the shunt are represented by voltage sources). A generalized 
power flow controller (GPFC) has also been proposed to represent various power 
flow control means with a unified mathematical model and a unified data format 
[11]. The first part of this chapter focuses on development of a steady-state UPFC 
model and its implementation in a power flow algorithm. Firstly, power injection 
transformation of a two voltage source UPFC model is derived in rectangular 
form. When formulated in rectangular form, the power flow equations are 
quadratic. Some numerical advantages can be obtained from the form. The 
rectangular form also leads naturally to the idea of an “optimal multiplier”. After 
detailed considerations of issues in implementation of UPFC in power flow by 
various power flow algorithms, an improved method based on optimal multiplier 
[20, 21] for ill-conditioned systems is adopted. The proposed UPFC model and 
power flow algorithm have been programmed and vigorously tested in a number 
of systems. 

With the application of such controllable devices, the need arises to ascertain 
the most appropriate power system control strategy both for an individual UPFC, 
and for their global co-ordination across a system. Controllable shunt 
compensation schemes, such as the SVC, have been extensively used on 
transmission systems for the past decade, and the appropriate power system 
control strategies are now well established. Control strategies for controllable 
series devices, however, are significantly less developed, particularly for meshed 
power systems. Such devices are intrinsically different from shunt devices in that 
they potentially have a much greater effect on power flows, and must be able to 
accommodate the loss of the circuit into which the device is connected. In this 
respect, [17] presents an optimal power flow method to derive UPFC control to 
regulate line flow and at the same time to minimise power losses. A Newton-type 
algorithm for the control of power flow in electrical power networks has been 
developed in [5, 6]. Furthermore, one of the practical questions is “what kind of 
control should a UPFC take when its internal limits are violated?”. Reference [16] 
presents a strategy to alleviate some constraints of UPFC with the objective of 
achieving maximum power transfer. The method of [16] uses 6, to alleviate the 
violations of these limits, which does not consider the participation of Vp and Vip. 
Thus, it loses some degrees of control freedom. When some limit is violated by a 
variable, it is necessary to set the violation variable at the limit value in order to 
achieve the highest efficiency of UPFC. In this situation, the original control 
performance may deteriorate and the original control objective should transform 
into another type, that is, the limit values of these violation variables are specified 
as the control objectives. Thus based on the proposed optimal multiplier based 
power flow for UPFC studies and a power injection model, the second part of the 
chapter proposes the use of a power injection model to derive control parameters 
for UPFC to achieve the required line active power control and bus voltage 
support. The proposed method offers a number of advantages: it does not change 
the symmetrical structures of the Jacobian matrix, avoids the initialisations of 
control parameters and can cover a wide control range of UPFC due to the 
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characteristics of optimal multiplier power flow algorithms employed. 
Furthermore, the impact of device limit constraints is discussed in detail, including 
series injection voltage magnitude, line current through the series inverter, real 
power transfer between the shunt inverter and series inverter, shunt side current 
and shunt injection voltage magnitude. 

To evaluate the effectiveness and benefits of various FACTS devices, it is 
essential to perform some comparison studies [2], particularly at the planning 
stage. The concept of security regions and optimal power flow based scalar 
measures are used in reference [3] to compare the impact of various FACTS 
devices on the behaviour of power systems. The chapter also compares the ratings 
and control flexibility of three major FACTS devices. Finally, the chapter 
describes some numerical results on two practical systems, which clearly illustrate 
the effectiveness of the proposed algorithm. 


9.2 Steady-state UPFC model for power flow studies 


9.2.1 Principles of UPFC 


The UPFC consists of two switching converters, as shown in Figure 9.1(a). These 
converters are operated from a common dc link provided by a dc storage capacitor. 
Inverter 2 provides the power flow control of the UPFC by injecting an ac voltage 
Vp with controllable magnitude and phase angle in series with the transmission line 
via a series transformer. Inverter 1 is to supply or absorb the real power demand by 
inverter 2 at the common dc link. It can also generate or absorb controllable reactive 
power and provide shunt reactive power compensation. 


9.2.2 Steady-state UPFC representation 


Studies show that the UPFC can be represented in steady-state by the two voltage 
sources with appropriate impedances as shown in Figure 9.1(b). The voltage sources 
can then be represented by the relationship between the voltages and amplitude 
modulation ratios, and phase shifts of UPFC. In this model, the shunt transformer 
impedance and the transmission line impedance including the series transformer 
impedance are assumed to be constant. No power loss is considered within the 
UPFC. However, the proposed model and algorithm can easily include these when 
required. 


9.2.3 Power injection model of UPFC 


The two voltage source model of UPFC is converted into two power injections in 
rectangular form for power flow studies. The advantage of power injection 
representation is that it does not destroy the symmetric characteristics of the 
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admittance matrix. When formulated in rectangular form, the power flow equations 
are quadratic. Some numerical advantages can be obtained from the form. The 
rectangular form also leads naturally to the idea of an “optimal multiplier”, which 
will be discussed in Section 9.3. 


(b) 


X Vap Z aV, 
a + e L 
Ro Qi 


Figure 9.2 The shunt side of UPFC is converted into power injection at busbar i 
only 
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From Figure 9.2, the first step is to transform the shunt side of UPFC into a 
power injection at busbar i only. Thus, 


Se= Pat jO =ý (F+) (9.1) 
Po = Go (V; Teien Sı Ja) + Bole f » = Í, en) (9.2) 
Qo = Golei f n- fient Boleeat fifa- Va) (9.3) 
V. Zi Vj 
MV M, A aV Te 
a aay, i 
Ro Qi A Q 
Qo Ro 'R 


Figure 9.3 The series side of UPFC is converted into two power injections at buses i 
andj 


The second step is to convert series source of UPFC into two power injections at 
both busbars i and j, which is shown in Figure 9.3. Therefore, we have 


S= Pit jQ,= (2) (9.4) 
Zu 

Pi= Gye Si Sa) + By Cinq SiE) (9.5) 

0,= Gile fu- fS. Cp) + By leien tfi ng) (9.6) 

S= P+ jO =V E) (9.7) 
u 

Lye Gylen +f Log t Bil S; En -ejf n) (9.8) 

Q, = Gil F enef mq) Bilen + Fs Sng) (9.9) 


, (6+0, 7) 
P, =Re| V A) 
=G Uh teln Entf Sn S S0q) + By CF nq — Soa Snt Sien) (9-10) 


where Sw is the power injection of shunt side of the UPFC at the i busbar, Pac is the 
power transfer from shunt side to series side, S; and S; are two power injections 
transformed from the series voltage at i and j busbars. When power loss inside the 
UPFC is neglected, i.e 

P, =P. dc (9.1 1) 


Steady-state analysis and control 355 


then 

Siw S, -Sig , (9.12) 

Poin =C (Vn — 2,0 2S Sng tEn tS Sn) + BE Sa SEn) 
(9.13) 

Orm = Gy (iS nq — fiep) + By (CC pg + fifoq) (9.14) 

-Golfie + Sn) + Bro, -EEn fifa) 

Sim = 5, (9.15) 

Prony = Gy (ej ng + Fj Sng) tB S jpg ef n) (9.16) 

Orm = Gul Sen ES pq) Bilen + Fs Sq) (9.17) 


Thus, two power injections (Pians Qi) and( P juny Ojay) represent all 
features of the steady-state UPFC model. 

Normally the UPFC control parameters are given in polar form which is more 
intuitive because the state variables are voltage magnitudes and angles, and have 


physical meaning. They can be easily transformed from one form to another by the 
following relationship: 


Vn =e, +f, (9.18) 
6,, = atan(Z) (9.19) 
V, =e} + 7 (9.20) 
6,= atan(Z) (9.21) 


9.3 Representation of UPFC for power flow 


9.3.1 UPFC modified Jacobian matrix elements 


In power flow, the two power injections (Piggy, Quinn) and (Pjan Qj) Of a 


UPFC can be treated as generators. However, because they vary with the connected 
busbar voltage amplitudes and phases, the relevant elements of the Jacobian matrix 


will be modified at each iteration. The formation of Jacobian matrix is J = a ~] 
M 
for PQ bus. Based on the equations (9.13), (9.14), (9.16), and (9.17), the following 
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additional elements of the Jacobian matrix owing to the injections of the UPFC at the 
i and j busbars can be derived: 


for i busbar, į # j then 
oP, 


AHi =op Oif m7 Buen (9.22) 
J 
ôP 
AN,= aa = Gjen + By Í n (9.23) 
j 
OQ im 
AM,=—=0 9.24 
Mi=- T, (9.24) 
ð 
ALy= Ques =0 (9.25) 
when i=j 
AH,= Fy =~? (9.26 
H=- F Gyf n 26) 
i 
A = OP ny =—2 9.27 
Ne Gy erg (9.27) 
— Quy _ 
AMy= Of, = — Gy epg t+ By Í pq + Goes + 2Buof, -Bp sh (9.28) 
i 
AL, = 2210. = 2B 9.29 
L=- Gof m+ Brem-Gofat 10% — Boes (9.29) 
i : 
for j busbar, j +i 
8 Pram 
AH ,=———=0 9.30 
H=- F (9.30) 
AN, =P = 9 (9.31) 
de, 
aQ 
A = Ki) — @ 9.32 
MgO a F (9.32) 
ð 
AL, = 22m0 (9.33) 
Õe 
when j=i 
ô a 
A Hy =E Gyf nt Bren (9.34) 


ôf, 
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a 
AN = PR = Gren Bif n (9.35) 
ej 
rs) 
AM y= Zit Gye Baty (9.36) 
J 
a 
Ap Qim -Gyf „— Buen (9.37) 


9.3.2 Normal (open-loop) and controlled (close-loop) power flow 
with UPFC 


There are two aspects when handling the UPFC in steady state analysis: (i) When 
the control parameters of UPFC are given (i.e. esn fon €pqJpq are given), a power flow 
programme is used to evaluate the impact of the given UPFC on the system under 
various system conditions. In this case, UPFC is operated in an open-loop form. The 
corresponding power flow is treated as normal power flow. This will be described in 
Section 9.4. (ii) As UPFC can be used to control line flow and bus voltage, control 
techniques are needed to derive the UPFC control parameters to achieve the required 
objective. In this case, the UPFC is operated in a close loop form. The corresponding 
power flow is called controlled power flow, which will be described in Section 9.5. 


9.4 Implementation of UPFC in power flow studies 


9.4.1 Difficulties with implementation of UPFC in power flow 


The implementation of UPFC models in power flow is essentially a controlled 
power flow problem. There are four basic ways to handle this problem. They are: (i) 
Error feedback adjustment, which involves modifications of a contro! variable to 
maintain another functionally dependent variable at a specified value. (ii) Automatic 
adjustment, in which the control parameters are directly considered as independent 
variables so that the resulting Jacobian matrix will be enlarged. (iii) Sensitivity- 
based adjustment, which is derived from Taylor series expansion of the perturbed 
system equations around the initial operating point and (iv) Recently, user defined 
model approach, which has been developed in a number of commercial packages, 
provides the facilities for the user to build their own models. However, there are 
difficulties in handling UPFCs because of the following two reasons. 

On one hand, this is due to the following peculiarities existing in the UPFC: (i) 
power transfer between two inverters; (ii) wide regulation range of control 
parameters; (iii) non-linear multivariable control and (iv) stressed conditions of 
the system with UPFC. All these make the power flow structure very complex and 
can lead to an increase of iterations or even divergence of power flow. 
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On the other hand, this is because: (i) Sensitivity-based adjustment can only 
work in a very narrow linear range around the initial operating point. (ii) User 
defined model has no way of dealing with complicated relationship of two 
converters of UPFC. UPFC modelling requires the change of relevant elements of 
Jacobian matrix. However, user-defined power flow softwares do not allow users 
to directly modify the Jacobian matrix and only provide facilities for the iteration 
between the main program and the user defined model. This iteration sometimes 
diverges, especially when the system is heavily loaded or ill-conditioned. (iii) 
Although an automatic adjustment method has a good convergence, it needs much 
work to reconstruct the Jacobian matrix. Some useful properties such as symmetry 
and sparsity disappear. It also takes more steps to achieve convergence. 


9.4.2 Optimal multiplier power flow algorithm 


In this section, optimal multiplier power flow algorithm [20, 21] is adopted as it 
offers a number of advantages in handling ill-conditioned power flow, including: (i) 
The optimal multiplier acts as an adaptive gain, which reduces if the Jacobian 
becomes ill-conditioned. In this way it can give the maximum rate of convergence at 
each iteration. (ii) The optimal multiplier power flow method can be used to detect 
the distance between the desired operating point and the closest unfeasible point. 
Thus it provides a measure of degree of controllability. (iii) It can provide 
computational efficiency without destroying the advantages of conventional power 
flow when used together with error-feedback adjustment to implement UPFC model. 
In this section, a brief description is given. 
Consider the power flow equations for an N busbar system: 


S = F(X) (9.38) 
where S is a vector of the power injections at all buses except the slack bus. 


S = [ Piso Pu, Puso PrO Qu V ma Vna] (9.39) 


where M represents the number of PQ bus, N-M-1 is the number of PV bus. 
When X is expressed using rectangular coordinates of bus voltages, we have 


A= Levent pot yl (9.40) 


and fis the function of the bus power balance constraints. 


FROG pF puedo FS aad oroS oid | (9.41) 


The tth iteration of the power flow solves the equations: 
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AX'=-J(X')' [F(X')- 5] (9.42) 
X= x'+ pAX' (9.43) 
where J(X‘) is the Jacobian matrix at the tth iteration. 
The z in equation (9.43) is a scalar multiplier used to control the updating of 
variables at each iteration. In the traditional Newton-Raphson algorithm, ¿=1 at 


each iteration. With Optimal Multiplier Power flow Algorithm, a scalar ‘optimal 
multiplier’ x is chosen to minimize a cost function, shown as equation (9.43), in 


the direction given by AX‘ so that the updates of variables at each iteration 
converge in a optimal way to the solution point. In this respect, the cost function is 
set to equal one half the norm of the power flow mismatch equations: 


Goat x] = Lit x! + pA X')-8 J X'+ pA X')-S] (9.44) 


Then zz is determined by the following steps: 


Let 
a=[ayav]' =S-F[X,] (9.45) 
b= [bibu J = -JAX (9.46) 
c= [ern] = -F(AX) (9.47) 


Then the equation (9.44) becomes: 


N 
Goal =X (a+ 1b,+ ci) = Goal( p) (9.48) 


i=l 
In order to solve the minimal value of the objective function Goal, one solves: 


dGoal 2 


du 0 (9.49) 
Therefore, 
£,.+g,4#+2,4 +2, =0 (9.50) 


where 


360 Flexible ac transmission systems 


N 
8&7 Dd (abi) 
i=] 
4 2 
g=) (b +2 aci) 
i=l 


8:=3 9 (bici) 


i=l 


N 
8&7 2) cr 
il 


Thus the equation (9.50) can be solved easily by the Cardan's formula analytically or 
Newton’s method numerically. 


9.4.3 Power flow procedure with UPFC 


The overall procedures for the proposed algorithm can be summarised as: 


Step 1: Input data needed by conventional power flow; Order busbar optimally; 
Form admittance matrix; Input UPFC series and shunt voltage amplitudes 
and phases; 

Step 2: Form conventional Jacobian matrix; Modify the Jacobian matrix using 
UPFC injection elements to become the enhanced Jacobian matrix according 
to equations (9.22) - (9.37); 

Step 3: Use the enhanced Jacobian matrix to solve busbar voltage until the 
convergence of all power injections is achieved. In this step, the optimal 
multiplier x is calculated using Newton method to solve equation (9.41). 
When the mismatch at every busbar is less than prescribed error, the power 
flow converges. Otherwise go to Step 2; 

Step 4: Output system voltages and line flows; Display various information about 
the UPFC. 


9.5 Power injection based power flow control method 


9.5.1 General concepts 


For relieving thermal and voltage transmission constraints (i.e. power flow control 
and voltage support), an overall UPFC control strategy is envisaged which 
involves (i) a central controller issuing setpoint voltage and circuit real power flow 
settings, and (ii) local UPFC controllers to enable the UPFC to achieve the 
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required setpoints. This section describes a novel method for UPFC local control — 
a power injection model based control co-ordination algorithm (PIM). 

In steady modelling of UPFC, the UPFC represented by two voltage sources of 
series part and shunt part is often transformed into a pair of power injections 
(Pitian Qiciny)) (Pyinj» Ojan), as Shown in Figures 9.2 and 9.3. From the viewpoint of 
effects of these power injections on the system, Qin can be independently 
regulated to support busbar voltage connected at the shunt part, Piiny and Piinj are 
used to manipulate line active power with equal magnitude but at reverse direction 
and Qian (when UPFC loss is neglected) can control both the j busbar voltage and 
line reactive power. Under lossless conditions, the UPFC operating condition can 
be specified by the following three quantities shown in Figures 9.2 and 9.3: Oy — 
reactive power supplied through shunt current; Q,., — reactive power supplied 
through series voltage injection and Pas — real power supplied across the dc-link 
from shunt to series converters. 

In most applications, the central controller places on the UPFC a requirement 
to regulate two power system parameters, namely busbar voltage and circuit real 
power flow. For a UPFC with three degrees of freedom, a spare degree of freedom 
is available which may be used in an advantageous manner, for instance, to 
minimise device rating requirements. An initial algorithm, referred to as the PIM 
algorithm, applies the constraint Qjinj) =0, where Qian) relates to the power 
injection model of the UPFC. This enables the PIM algorithm to be formulated 
based on: (a) use of Qin) to control bus voltage V; and (b) use of Pini and Piin to 
control the circuit real power. 


9.5.2 Decoupled rectangular co-ordinate power flow equations 


Firstly, the model of UPFC as well as its power injection transformation are derived 
in rectangular form. When formulated in rectangular form, the power flow equations 
are quadratic. Some numerical advantages can be obtained from the form. The 
rectangular form also leads naturally to the idea of an “optimal multiplier”. In PIM, 
the foundation is the decoupled rectangular co-ordinate power flow equations 
(9.51) and (9.52): 


[aP/e]= [a's] (9.51) 
[AQ/e] = [B’JAe] (9.52) 


Where, the elements of the matrices [B'] and [B"] are the negative of the 
elements of the imaginary part of bus admittance matrix [- B| : 
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9.5.3 Closed-loop voltage control strategy by reactive power 
injection 
Assuming that the controlled busbar voltage magnitude is V,", then the control 


strategy is as follows: 
Convergence condition: 


Max{V,'" -V} se (9.53) 
Iteration process: 
A ah = AQ kn = B,Aet ej (9.54) 
def =e — eb" (9.55) 
et =V” cosOf' (9.56) 
Jra 
ot =a an A) (9.57) 
i 


where i is the controlled busbar; k is the kth power flow iteration; AQ Kin is the 
incremental reactive power injection needed to control busbar voltage at the 
busbar i; B,,is the busbar admittance of busbar i and & is the tolerance of 
controlled voltage . 


9.5.4 Closed-loop line transfer active power control strategy by 
active power injections 


Assuming that the control objective of line transfer active power is P;”° , then the 
proposed controller is presented as: 
Convergence condition: 


Max{P” - P'} <o (9.58) 
Iteration process 

AP iin) = AP iin =(P — PE) Mw, Ler -Wi fei) (9.59) 

AP yy = ~AP in (9.60) 


Where / represents the controlled line; AP ini is the incremental busbar active 


power injection at busbar i needed to control line transfer power; AP aj is the 
incremental busbar active power injection at busbar j needed to control line 
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transfer power ; wy, wy are weight factors for line / transfer active power to 
busbar active power injections at busbar i and j and o is the tolerance of 
controlled line transfer power. The weight factors w; wy are formulated from the 
linear relationship of line active power and busbar active power injections. The 
incremental value of line / active power as AP can be expressed in terms of 
changes in busbar active power injections as follows: 


P, P, oP, 
AP = —L AP +---+—L AP +---+—L AP 9.61 
1 æ’ æ ' æ," pen 
While the partial derivatives of the line active powers with respect to injections 


can be expressed: 
FMA. MG an (9.62) 
PR gia Fi R Fa F; 


9.5.5 Solution of UPFC parameters 


Based on the results, the pair of power injections (Pn „Oran ) and (Pen: FA 
derived from the closed-loop controllers can be used to obtain the values of two 
voltage sources of the UPFC. During this stage of calculation, these power 
injections and UPFC control parameters are linked through the equations (9.13, 
9.14, 9.16, 9.17) obtained from the transformation process of UPFC models from 
voltage sources to power injections. 


9.6 Control of UPFC constrained by internal limits 


9.6.1 The internal limits of UPFC device 


In practice, there are a number of constraints imposed by device limits which may 
affect the capability of the UPFC. In this section, the following five typical limits 
will be considered: 

(i) the series injection voltage magnitude (V,, ) 

(ii) the line current through the series inverter ( Ze ) 

(iii) the active power transfer between the shunt inverter and series inverter ( 

P, dc ) 
(iv) the shunt side current ( Zan ) 
(v) the shunt injection voltage magnitude ( V,a) 
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Mathematically, these constraints can be expressed as: 


V,, Vg (9.63) 
Vi4+V_-V 
«=p Asi, (9.64) 
Zy 
. (V +% -V 
P,=R ne) <P: (9.65) 
Zy 
a 
I, = = *<]E (9.66) 
10 
V SVE (9.67) 


where superscript L in each equation represents the maximum limit value of the 
variable. 


9.6.2 Considerations of internal limits in power flow control 
methods 


In general, the series injection voltage and line constraints are enforced by 
adjusting the scheduled levels of series P and Q. The maximum current through 
the series inverter is the line thermal current. While the real power transfer 
between the shunt inverter and series inverter is strictly an equipment rating. The 
shunt voltage current and voltage are constrained by the rating of the shunt 
inverter, which must be at least as large as the real power transfer between the two 
inverters. Additional capability will be required to provide the reactive current 
needed to regulate bus voltage. Hence, the shunt inverter current is limited by 
relaxing the scheduled bus voltage. 

All the above limits of UPFC should be enforced in power flow calculations. A 
simple alternative is that these constraints checked at each iterative step in 
conventional power flow may be used in the UPFC constraints. If there are 
violations of these limits, it may slow down convergence, or more seriously, cause 
the solution to oscillate or even diverge. In order to alleviate these limits, the 
common practice is either to decrease the scheduled control objective levels or to 
adjust control parameters. However, this method can not be adopted in the 
proposed PIM because PIM can only obtain control parameters until the whole 
procedure of PIM converges at the final iterative step. Therefore, developing 
another way of handling UPFC limits in PIM is necessary. 

When PIM gives the final results of power flow using UPFC control 
objectives, all constraints of UPFC can be checked. If violations of these 
constraints occur, the control parameters of UPFC can be adjusted to avoid these 
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limits and thus the original scheduled control objectives are impossible to achieve. 
The effects of the adjusted parameters of UPFC owing to their constraint 
violations on the power flow are evaluated through the modified power injection 
model of UPFC. The way of dealing with these constraints in PIM at the final step 
has more advantages than that of the conventional way because it avoids the 
interference of constraints in the process of control objectives and also avoids 
computation oscillation or divergence. 

When PIM ends with power flow results including UPFC parameters, it is 
quick to check whether these constraints have been violated. If not, PIM outputs 
with satisfactory scheduled control objectives and UPFC parameters within the 
ranges of device ratings. Otherwise, PIM will modify UPFC parameters and the 
associated control objectives. 


9.6.3 Strategies for handling the constraints 


The following rules are proposed to design UPFC contro! when the internal limits 
of UPFC are violated: 


(i) If Vp violates the constraint, fix it at its maximum value in the remaining 
computation process; 

(ii) If one of J,, and Pa is out of the range of limit, fix it as the limit value and 
then solve 4, and/or V,, using the associated equations; 

(iii) If both J,, and Py, limits are violated, solve V,, and/or 4, respectively at first, 
then choose the one which ensures both /,, and Py, are within the limits; 

(iv) If J, is beyond the limit while V, is within the range, relax V; to alleviate Zn 
and use V; to obtain the associated reactive power injection so as to achieve 
the new specified V;; 

(v) If violation of Va occurs, set it as the constraint value and then use it to 
examine whether Z, is out of range or not. If it leads to violation of Zn, repeat 
step (iv); 

(vi) If J, and Vn both are out of range, use their maximum constraints to solve the 
new specified V;., 


The above rules can be mathematically implemented by the following control 
strategies: 


(i) Set 7 z as control objective 

Owing to the limit violation of I,,, the modification of Opq can be formulated 
from TŻ in equation (9.68): 
cosa, x 
2B; V „ (e, -e,) (9.68) 
(UE)? -BRV - Be, -e,} -B - Ay] 


cos(?,, —a,)S 
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a,=a m{ 2-4) (9.69) 


Based on equations (9.68) and (9.69), one method to alleviate Z, from its limit 
is to get a new 6,, while keeping V,, constant, this has been demonstrated in [10]. 
If only 4, is used to regulate Ze, it may have many solutions that satisfy equation 
(9.68). However, in this situation, UPFC does not operate at 7 E and thus loses its 
advantage. In order to change the way of 4, which has limited capability of 
regulating Zs, Vpq is taken for granted to regulate /,, along with 6,. Therefore, the 


more general formulae of modifying V,, and 6,4 are derived as follows to alleviate 
Tse! 


cos(9,, -@,)=C,, (9.70) 
2B? (e, — 
-pr -o aeey 
cosa, (9.71) 
+E} - Be, - e,}? - BUF, - f,)?]=0 
~1<C, <1 (9.72) 


Here, a factor C,, is introduced to secure the solution of &,, whose value can 
be specified within the range of [-1, 1]. C,, introduced here enables the UPFC to 


operate at JŽ and makes full use of its rating through both Vp4 and 8q. So, once Ise 


is found out of the range, the control objective becomes IĮ. Using equations 
(9.70)-(9.72), the modified V,, and 4, change the power injections (Pian) , Pyiny, 
Qan ) and thus control Ze towards 74. 


(ii) Set PË as control objective 


Modification of 6, can be obtained from PX in equation (9.65) due to the 
violation of Pye: 


sin(O,, + a,) 
Py, =|B V „(e ~ epaia (9.73) 
2 
a, =a a252) (9.74) 
e-e, 


Similar to Cse another factor Ca is given to obtain both V,, and 6,, so as to 
alleviate Pie. 
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sin(6, +a,)=C, (9.75) 
P! cosa 

V = de 2 2 

-1<C, <1, C, #0.0 (9.77) 


P will be regarded as the new control objective once P,, violates its limit. 


(iii) Set 74 as control objective 
If I,, violates its limit, we can relax V, to alleviate it. For example, if it violates its 
upper limit, we have from equation (9.66): 


i0 


HY 
V;-2f,f,-2e,e, +V} = ta (9.78) 
Then V;can be obtained from the following quadratic equation: 


L 2 
V? +(-2f, sin 0, - 2e, cos0,W, + (V2 -| 2%] )=0 (9.79) 
i sh I i i B 


10 
AQhun = AQKan ~ B,ôere; (9.80) 


Therefore, Qian is modified by the solved V, while other injected powers 
(Pring, Piciny » Ojan ) are assumed unchanged. 


9.7 Test results 


9.7.1 Power flow 


In order to investigate the feasibility of the proposed technique, a large number of 
power systems of different sizes and under different system conditions have been 
tested. All the results indicate good convergence and high accuracy achieved by 
the proposed method. In this section, a 306-bus practical system has been 
presented to numerically demonstrate its performance. It consists of 306 buses, 
521 lines, 38 generators, 147 transformers (including 35 on-line tap changes) and 
171 load buses. The total generation is 11000.0 MW. The system is divided into 
seven areas. The aim of four UPFC installations in the main voltage sensitive 
points and the associated transmission lines is to balance power transmissions and 
improve voltage profile. Many operating conditions have been investigated to 
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achieve the optimal operation of the system with UPFCs. Table 9.1 gives one of 
the results with specified UPFC parameters compared with the power flow results 
are without UPFC. Figures 9.4 and 9.5 show the p and the real power mismatch 
with four UPFCs. The program converges at 4 iterations. 


Table 9.1 Comparison between power flow results with and without UPFCs 


11-23: Vpg=0.032 Z 90.0° Va=0.974 -4.21° 
UPFC location | 36.54. v,.=0.02 L 45° Va=0.99 Z 3.8° 
and parameters | 60.62: 0.015.180" a= 1.0022 3.2° 
67-68: 0.01 Z 235.0° Va=1.012 L 7.2° 


power flows V,,;=1.0215 j V6=0.96302 Veo=1.03336 Ver=1.05197 
without UPFC | 712370.8448 Pygse=-2.1519 | Poosa™-0.2902 | Per.sx=-0.4897 

Power flows Vii=1.000 V36=0.9800 Veo=1.010 Ver=1.020 

with UPFCs Piy.23=-7.0819 P36.54=-2.3015 Pe0.62=-0.2960 Po7-69=-0.1296 


PM: Cj 


1 2 3 4 


Iterations 


Figure 9.4 Optimal multiplier y versus iteration number 


9.7.2 Controlled power flow 


9.7.2.1 Test system and un-reinforced studies 


A single-line diagram of the HV circuits of the test system is shown in Figure 9. 6 
[23]. It comprises: (i) 13 HV buses with attached load and fixed shunt 
compensation; (ii) 42 circuits connecting the HV buses, arranged as a combination 
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of single and double circuit lines. All HV circuits have a designated thermal 
rating and an X/R ratio of 10. All but three of lines can be outaged under 
contingency conditions; (iii) 10 LV buses with attached generation with 
transformer connection to HV buses; and (iv) controlled shunt compensation 
applied to five of the HV buses. There are twelve key double-circuits associated 
with the boundary A. In order to allow for alternative generation patterns, the 
generation at each location can be increased by up to 20% from the baseline 
generation pattern. 


Max mismatch (p.u.) 
25 
20 


15 


10 


0 


Iterations 


Figure 9.5 Maximum mismatch versus iteration number 


Figure 9.6 The meshed test network 
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In order to establish a common base for comparison of reinforcement 
strategies, the following design criteria are applied: (i) All circuit current flows to 
be within their thermal capabilities under intact, single-circuit outage and double- 
circuit outage conditions and (ii) All HV bus voltages to be within the range 
0.975-1.025pu under intact system conditions. All HV bus voltages to be within 
the range 0.95-1.02Spu under single-circuit and double-circuit outage conditions, 
and in particular, before any adjustment to generator step-up transformer tap 
ratios. The power flow results of two operation conditions and outages on the test 
system are listed in Tables 9.2 and 9.3. i 


Table 9.2 Power flow results with contingence without UPFC 


Transfer Violations of line 
Case Outage capability Lowest thermal limits 
line across A voltage and voltage 
boundary (p.u) 
Case 1 60-100 10056MW V 7094126 
(Default) 60-120 
40-70 13154MW | V =0.95764 


Table 9.3 Unbalanced power sharing among transmission lines across 
the boundary A 


Case 2 
(Scenario A) 


Case (without UPFCs) 


Line Transfer active | Percentage of Transfer Percentage of 
power (MW) thermal limit | active power | thermal limit 
(MW) 


Default and Scenario A are two typical operating conditions, the former is 
normal generation-load pattern, the latter is the result of 20% increase in 
generation of the upper part of the network based on Default which leads to a big 
increase of power transfer across boundary A. From Tables 9.2 and 9.3, it is seen 


aa 
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that the transfer capability across boundary A is limited by violations of line 
thermal and busbar voltage constraints and the power sharing among the line 
across boundary A is unbalanced and also there is enough space left for these lines 
to transfer the given power without exceeding thermal limits. If the system is 
designed to transfer the given power across boundary A under these operating 
points, there are two basic ways which can be used: one is to build new 
transmission lines or replace the line with a new and higher thermal limit 
transmission line; another is to install control devices to share loads among the 
boundary lines, in this case, the total transfer capability of this method is 
determined by the sum of thermal limits of these lines and thus it enhances the 
system transfer capability. Therefore, UPFCs can expect to play an important role 
in enhancing the system in this aspect. 

All the simulation results of this section are studied based on Cases 1 and 2. 
The definitions of Cases 1 and 2 are: Case 1 is ‘Default’ operation condition with 
outage of two lines 60-100 and 60-120; Case 2 is ‘Scenario A’ operation condition 
with outage of line 40-70. 


9.7.3 Convergence analysis of controlled power flow 


The convergence of the proposed controlled power flow has been tested in a large 
number of cases under different system conditions and with various numbers of 
UPFCs, All these test results clearly show the quadratic convergence of the 
proposed PIM. This is largely because that PIM does not change the features such 
as optimal bus ordering, sparisity and symmetric properties of Jacobian matrix and 
quick forward and backward substitutions. Also as discussed in section 7.7.1, the 
power flow method adopted is based on optimal multiplier algorithms which 
offers a number of advantages. 

As an example, test results illustrate the convergence of the proposed PIM 
with a UPFC installed along line 90-60 under case 2. The control objective is 
Voo=1.01 p.u. and Po.69 = -17.0 p.u.. The actual results of controlled states with a 
UPFC obtained by PIM are Vo9=1.00984 p.u. and Poo.69 = —17.034 p.u. The PIM 
converges at 12 iterations. Although the initial mismatches of bus power injections 
are big owing to participation of additional power injections, they tend to 
converge quickly. 


9.7.4 Control performance analysis 


In order to verify the proposed PIM, various schemes for controlling busbar 
voltage and line transfer power have been studied. Some results are shown in 
Tables 9.4 and 9.5. In both tables, PIM not only shows its satisfactory ability to 
trace control objectives, but also derives UPFC control parameters directly 
without any initial assumptions at local modes. A single UPFC installed along line 
90-60 under Case 2 is studied to present the performances of PIM using different 
control objectives and the mappings of power injections of PIM and real 
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parameters of UPFC, which can provide information about rating of UPFC. The 
different control objectives are designed to increase or decrease the specified value 
around the operating points. Under Case 2, Voo=0.96884 p.u., Poo.60=-20.786 p.u. 
Four control cases are demonstrated in Table 9.4, which gives the actual results of 
controlled states and its UPFC parameters. From the table, it is seen that the PIM 
can handle a wide range of control objectives without losing accuracy. For 
instance, the amplitude of V,, can vary from 0.0498 to 0.1291 p.u. and its phase 
changes from 81.30° to 261 1.45, which is difficult to handle by conventional 
methods. Furthermore, Table 9.5 presents the mapping of power injections of the 
proposed method and the parameters of UPFC, which justifies effectiveness of the 
PIM. Although the power injections are obtained through decoupled control of 
busbar voltage and line active power, PIM links these power injections using the 
UPFC internal relations and thus simulates the effects of the UPFC. These 
mappings provide the foundation of determining the rating of UPFC. 


Table 9.4 Bus voltage and line power flow performances controlled by UPFC 
using the proposed PIM (The angles of UPFC sources are with respect to the 
angle of slack bus voltage of the system) 


case vales aes u.) sles tr u. ) (p.u.) 
UPFC for 90-60: 
Vyq=0.0672 Z 261.39° 
Va=1.0106 Z -23.52° 
UPFC for 90-60: 
Vp=0.1291 Z 261.45° 
Va=1.0576 Z -21.72° 


Voq=0.0613 Z 81.3° 
V=1.0068 Z -27.42° 
UPFC for 90-60: 
Vyq=0.0498 Z 261.30° 
P=-18.78 V4=0.9177 Z -24.15° 


A ; : | 
Le) ; f UPFC for 90-60: 


Furthermore, multi-UPFCs have also been investigated. For example, Table 
9.6 presents the control performance of PIM under Cases 1 and 2 with two UPFCs 
installed along lines 50-60 and 90-60, respectively. From both tables, it can be 
clearly seen that PIM can achieve different specified contro! objectives without 
any initial assumptions of UPFC parameters. The PIM co-ordinates the UPFCs in 
the process of designing controllers in terms of power injections. 


Steady-state analysis and control 373 


Table 9.5 The impact of PIM on the UPFC operating condition (all in p.u., the 
series reactance of the UPFC is assumed to be 0.0Ip.u.; the shunt reactance is 


0.005) 
Control Power injection model UPFC conditions 
conditions 
ee Pa | Qw | 


[Case | Oop | Pon | e 
rp 2.8293 | -4.9838 [0.0 | 4.0784 | -0.3255 | 1.5766] 
27.4493 | 9.6091 | __0.0| 9.6222 [ -0.4107 | 3.3812 | 
3] 4a7it asn | 0.0] 3.4176 | 0.3654 | —-1.1312 | 
4 [7.0189 | -3.6739 | 0.0 | 6.0981 | -0.3693 | 1.1008 | 


Table 9.6 The impact of PIM on the UPFC operating condition (two UPFCs 


installation) 
Actual control values 
(p.u.) 
Veo=1.0023 


Line 50-60 : line 50-60: 

Line 90-60 ; P=-8.967 
Voo=0.99473 
line 90-60: 


Vso=1.00238 
Line 50-60 line 50-60: line 50-60: 
Line 90-60 P=-8.5 P=-8.476 
Voo=0.98 Voo=0.98205 
line 90-60: line 90-60: 
P=-17,5 P=-17.405 


In order to verify the proposed control algorithm under contingency, some 
outage operating conditions are used to evaluate the performance of the UPFC 
control on the test network. Based on Cases 1 and 2 of Tables 9.2 and 9.3, Table 
9.7 gives the system performances with the installations of UPFCs. Investigation 
shows that if the violations of their voltage limits and line thermal limits of both 
cases are totally alleviated, it needs two UPFCs installed along lines 50-60 and 90- 
60. The results are summarised in Table 9.6, in which, both line thermal limit 
violations have been effectively alleviated and power sharing among lines tends to 
balance thus increasing power transfer capability across boundary A without 
constraint violations. This also shows that co-ordination of the UPFCs at different 
locations for solving power sharing and increasing power transfer has been 
achieved by PIM. 
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Table 9.7 Summary of power flow results with UPFC 


Table 9.8 Results of UPFC with constraint limit check of Ise (Cse=0.1929) 


a Results of J,- | Results of alleviating 
limit violation I Violation 
flow results Ponso -20.786 
objectives Poo-607 -23.00 
Voo= 0.9895 Voo= 0.98649 
flow results Pooso™ -22.966 | Pooso™ -22.20 
Power P, ifin) -4.5311 P, i(inj) 7 -2.5712 


injection Qin = 4.8221 | Oin = 4.8211 
values Pign) = 4.5311 Piin) = 2.5712 


Diin = -4.0 inp = -5.4696 
Voa Goa Vog= 0.0816 Voq = 0.0823 
O= 123.04 A = 146.07° 
Ve, On V= 0.9909 V= 0.9814 
Oy = -28.94° Oy= -27.47° 
I,,=27.4885 1,.=24.83 


Modified 4, 
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9.7.5 Alleviation of constraint limit violations using the proposed 
control strategy 


Extensive numerical studies have been carried out to evaluate the proposed 
strategies. As examples, Tables 9.8, 9.9, and 9.10 present several typical results. 
They all start with ideal control objectives and PIM can really do so. However, 
these objectives lead to UPFC limit violations, for example I, of Tables 9.8 and 
9.9 and J,, of Table 9.11. In these situations, making use of relations of limit 
values with UPFC parameters and power injections, PIM ignores the control 
objectives and modifies power flow control towards the satisfactory parameters 
within their limits. All tables are investigated under ‘Scenario A’ with one UPFC 
installed along line 90-60 and with different initial control objectives, which yield 
violations of Z, and Jj. 


Table 9.9 Results of UPFC with constraint limit check of Ise (Cse=0.92) 
Results of Ze | Results of alleviating 
ae limit violation | Zse violation 
Original Voo= 0.96884 
power flow Po.60= -20.786 
Control Voo= 0.99 
Paana | OOO OOOO 
Actual power | Vog= 0.9895 Voo= 0.98929 
Po0-60= -22.966 | Poo¢o= -22.191 
Piiny* -4.5311 Piia = -2.5481 
Oviny = 4.8221 | Oiinp = 4.8211 


Piip = 4.5311 | Piping = 2.5481 
Qin = -4.0 Qin = -0.4570 


Power 

injection 
values ( 
a 


Vou ln V= 0.0816 Voq = 0.0349 
B= 123.04 | G4 = 90.024 

Vin G, 

Lee 

TE 

Cse 


í V a= 0.9909 Va= 1.008 
a= -28.94° As= -26.759° 
Ie |22174885 Tye=24.97 
Ce 092 
4 et O 
Modified Vj, | Vq=0.0349 
BaT 90.157 
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Table 9.10 Results of UPFC with constraint limit check of Lsn 


Results of Zn Results of alleviating 
ae limit violation | Zn violation 
Original power | Voo= 0.96884 
Control Voo= 1.01 
objectives Poo-60= -23.00 


Actual power | V= 1.0096 Voo= 1.00245 
flow results Po0-69= -22.974 | Poo-60™ -22.970 


Piin)” -3.8474 Piin) = -3.8474 


Power Qivinj) = 10.6426 Oixinj) = 9.1764 
injection Prinjy = 3.8474 Piin) = 3.8474 
values iin = -4.0 inj 


Orrin = -4.0 


1m) 
Voa a Vog= 0.0752 Voq = 0.0753 
Q= 127.43° 6,4 = 127.34° 
Va= 1.0377 Va= 1.0236 
Tin 
T; 


O= -27.49° a= -27.67° 
a e58 | Teg 4 482 

Th =4.5 
Modified Voo | Voo=1.0032 


nee 


In Tables 9.8 and 9.9, Ze violates its limit according to the control objective 


and thus PIM fixes Le at the 7 = and obtains the modified V,, and/or 8y and the 


associated power injection values. After PIM gets new power flow results using 
these modified power injection control, it can be seen that violation of J,e can be 
efficiently alleviated with 3—4 iterative solutions. In fact, the final V,, and 6,, have 
been treated as the control values to modify power injections and thus it achieves 
alleviation of the /,, limit, which can be seen that the modified 6,, = 146.06° is the 
same as the final result of phase of V, of Table 9.8. In Table 9.8, only 4, is used 
to modify power injections while V,, remains nearly unchanged. In this typical 
case, C,.=0.1929. However, under the same case, when C,, is chosen to be 0.92, 
Vo and 8y both co-operate to modify power injections to achieve the same goal, 
which is shown in Table 9.9. Compared to Table 9.8, results of Table 9.9 have one 
more control degree of freedom to achieve the same objective. This shows that the 
proposed general control equations (70)—(72) have more advantages applicable to 


alleviation of J,e within 74. In Table 9.4, Vs is relaxed from 1.0096 p.u. of I,» 
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violating limit to 1.0032 p.u. without violation. Here, Voo is first obtained from 


equation (9.79) specified 7 z , and then used to modify Qin while keeping power 
injections (Pin , Pian» Qjany) unchanged. The modified Qian is obtained through 
busbar voltage — reactive power injection controller equation (9.80). At last, J,, 
violation has been alleviated through relaxing Voo. 


9.7.6 Comparison of UPFC, SVC, and PS 


Many operations of SVC, PS, and UPFC have been studied. Here, one operation 
condition, i.e. the second condition and line 50-70 outage, is presented to 
demonstrate the comparison. According to Table 9.2, two line thermal limits and 
one bus voltage limit are violated in this condition. Generally speaking, they can 
be alleviated either by two UPFCs or two PSs and one SVC. In this section, only 
one UPFC is installed along line 90-60 for comparison with SVC and PS. In this 
case, one SVC and one PS are assumed to be installed at bus 90 and line 90-60 
respectively so as to achieve the same UPFC performance. 
In this study, two cases are simulated: 
(1) Only one PS is installed along 90-60 for comparison with UPFC. 
(2) One SVC connected at bus 90 is set as 3.0p.u. for simplicity and the angle of 
PS is changed from -10.0° to +10.0°. 


In both cases, power flow results from these open-loop controls, i.e. bus 90 
voltage and line 90-60 active power are recorded and regarded as the specified 
control objective values. Then, the power injections, ratings and control 
parameters of UPFC can be obtained. 

Although the UPFC and the PS have the same injected power models, their 
representations of these injected powers are different owing to their different 
regulation mechanisms. In Figures 9.7 and 9.8, line power percentage represents 
the regulating power of line 50-60 by the PS and UPFC respectively where the 
UPFC keeps the bus 50 voltage the same as the conditions of the PS. From both 
figures in view of power injections, it is known that the capabilities of both sides 
of the UPFC are less than that of the PS in the first case. 

When SVC and PS are combined to achieve performance identical to the 
UPFC, their ratings also have a difference, which is shown in Figure 9.9. Here, 
two assumptions are made: (i) the rating of PS plus SVC is obtained from the sum 
of PS in MVA and SVC in Mvar although strictly it is not so simple as directly 
adding the MVA to Mvar; (ii) the shunt part and the series part of UPFC are 
treated as having the same rating. However, it must be pointed out that the 
conclusions here are based on a particular network configuration and the models 
used in this study are simplified. 
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Phase Shifter and UPFC 


Comparison of Capacities 
Active Power Comparison 


Line Power Percentage (%) 
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Figure 9.7 Comparison of PS and UPFC in terms of active power injections at 
both ends of transmission line 
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Figure 9.8 Comparison of PS and UPFC in terms of complex power injections at 
both ends of transmission line 
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Figure 9.9 Comparison of PS+SVC and UPFC 


9.8 Conclusions 


This chapter focuses on the steady state analysis and control of systems with FACTS 
devices with particular reference to the UPFC. A steady-state UPFC model is 
proposed and its power injection transformation is derived in rectangular form. The 
optimal multiplier power flow method for ill-conditioned system is applied to 
implement the UPFC model. 

Then a novel method for the steady state control of UPFC for power flow 
control and voltage support is presented. Essentially, it is based on a power 
injection model and optimal multiplier power flow. The proposed power injection 
power flow control can be effectively used to derive UPFC control parameters to 
achieve the required control objectives. A number of internal limits imposed on 
the UPFC have been considered, including series injection voltage magnitude, line 
current through the series inverter, real power transfer between the shunt inverter 
and series inverter, shunt side current and shunt injection voltage magnitude. The 
proposed constrained control strategies can co-ordinate the available control 
freedom to achieve an efficient usage of the UPFC when constrained by the 
internal limits. 

The comparison of rating and control flexibility of three major FACTS devices 
is also included in the numerical examples. The proposed UPFC model and power 
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flow control algorithms have been vigorously tested in a number of systems. The 
results on two practical systems clearly illustrate the effectiveness of the proposed 
algorithms. 
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9.11 Appendix: steady-state modelling of SVC and phase shifter 


9.11.1 SVC modelling and implementation 


According to the report ‘Static Var Compensator Models for Power Flow and 
Dynamic Performance Simulation’ by IEEE Special Stability Controls Working 
Group [6], SVCs can be modelled as a slope representation using a conventional 
PV (generator) bus with reactive power limits. Figure 9.10 is the SVC model in 
which X, is the slope reactance equal to the per unit slope. The slope is typically 
1-5%. At the capacitive limit, the SVC becomes a shunt capacitor. At the 
inductive limit, the SVC becomes a shunt reactor. 


High-side 
bus (PQ) 


Auxiliary 
bus (PV) 


Figure 9.10 A SVC model implemented in power flow software 


9.11.2 PS modelling and implementation 


A PS is a mechanically-controlled type device. Its mechanism and model used in 
power flow and transients analysis, has been thoroughly investigated. In our study, 
a power injection model [7] representing PS in a rectangular form more suitable 
for its implementation in optimal multiplier power flow is adopted. 

The model of a PS is converted to an injection model which is shown in Figure 
9.11. 
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Y j 
Vi Vi 


Si Si 
Figure 9.11 The power injection model of a phase shifter 


The following are the formulae of such a model: 


P, =b tan Øle,e, WAR) (9.A1) 
P, =-by tan Pfe,e, +SS) (9.A2) 
Q, = by tan’ Ae? + fè)» by tan dle, f, -e,f,) (9.A3) 
Q, = by tan o,f, -ef 1) (9.A4) 


@® is the phase shift angle. 


In order to implement this model into our optimal power flow software, the 
associated Jacobain matrix elements are modified in each iteration. 
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Chapter 10 


Oscillation stability analysis and control 


H. F. Wang 


10.1 Introduction 


Power system oscillation stability refers to the damping of electromechanical 
oscillations occurring in power systems with oscillation frequency in the range 
from 0.2Hz to 2.0Hz. These low-frequency oscillations are the consequence of the 
development of interconnection of large power systems. Once started, the 
oscillations would continue for a while and then disappear, or continue to grow, 
causing system separation. 

Low-frequency oscillations were first observed in the Northern American 
power network in the early 1960s during a trial interconnection of the Northwest 
Power Pool and the Southwest Power Pool. Later, they have been reported in 
many countries. A low-frequency oscillation in a power system constrains the 
capability of power transmission, threatens system security and damages the 
efficient operation of the power system. Therefore, this problem has caused wide 
concern and attracted the interests of many researchers. Since the 1960s, a special 
research and application area has been gradually formed in tackling the problem 
of low-frequency oscillations. Generally it is classified as analysis and 
improvement of power system oscillation stability. 

To increase power system oscillation stability, the installation of 
supplementary excitation control, Power System Stabilizer (PSS), is a simple, 
effective and economical method. To date, most major electric power plants in 
many countries are equipped with PSS. For the analysis of power system 
oscillation stability, the linearized Phillips-Heffron model was proposed [1][2], 
based on which, method of damping torque analysis and phase compensation 
method were applied to design PSS [2][3]. In the late 1980s, various techniques 
have been proposed for the co-ordination of multiple PSSs installed in multi- 
machine power systems to suppress multi-mode oscillations. Oscillation stability 
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analysis and control has been an important and active subject in power system 
research and applications. 

With the advent of Flexible AC Transmission Systems (FACTS) [4], the 
potential of FACTS damping function, which is referred to as FACTS-based 
stabilizer in this chapter, in suppressing power system oscillations has attracted 
interests from both academia and industry, although the damping duty of a 
FACTS controller often is not its primary function. The capability of FACTS- 
based stabilizers to increase power system oscillation stability has been explored 
in many aspects [4-16], by which many constructive results are presented and 
should be carefully appraised. However, in order to maintain the consistency of 
the content within the required space, in this chapter, mainly the work conducted 
by the author and published in JEEE Transactions and IEE Proceedings on the 
oscillation stability analysis and control of power systems installed with FACTS- 
based stabilizers will be presented [18-26]. 

The chapter is organized as follows: 

In Section 10.2, the linearized Phillips-Heffron model of power systems 
installed with FACTS-based stabilizers is established, which presents an example 
and format on modelling FACTS-based stabilizers into power systems. 

In Section 10.3, the performance of FACTS-based stabilizers installed in 
power systems is analysed. The results facilitate the proposed selection of robust 
operating conditions of power systems in which robust FACTS-based stabilizers 
can be designed. 

In Section 10.4, the selection of installing locations and feedback signals of 
FACTS-based stabilizers is discussed. The connections among the various indices 
proposed so far are revealed which provides insight into these different indices 
and a basis for their comparison. The concept of robustness of the installing 
locations and feedback signals of FACTS-based stabilizers is proposed. A method 
to achieve an effective and robust selection is introduced. 

The chapter is concluded by a brief summary where some problems to be 
investigated in future are raised. 


10.2 Linearized model of power systems installed with FACTS- 
based stabilizers 


Power system oscillation stability and control can be studied using a linearized 
model of a power system. The general form of the linearized model is 
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A| [0 o O45] ,, [ 0 
A@|=| Az, An Az | 40|+ D> | Bax 4u 


X | [A An Ags] x | *" [By 
A6 
Vp =1C in’ Ca Cy” | 4o |, K =1,2,--,M (10.1) 
x 


where Au, is the output control signal of the Ath stabilizer (PSS or FACTS-based 
stabilizer) installed in the power system and y, is the feedback signal of the 
stabilizer. In this section, the establishment of an augmented Phillips-Heffron 
model of the power system installed with FACTS-based stabilizers is 
demonstrated which is of a similar form to that of the traditional Phillips-Heffron 
model [1-2]. Besides the advantages of the augmented Phillips-Heffron model (a 
systematic configuration and simple expression), the contro! function of the 
FACTS-based stabilizers is clearly demonstrated, the study of power system 
oscillation stability, such as damping torque analysis and phase compensation 
methods, and the analysis and design of FACTS-based stabilizers is made more 
convenient. 


10.2.1 Phillips-Heffron model of single-machine infinite-bus power 
systems installed with SVC, TCSC, and TCPS 


The non-linear differential equations from which the traditional Phillips-Heffron 
linear model of a single-machine infinite-bus power system is derived are: 


5 = åw 
Ad =(P, -P,-DAa)/2H 


i í (10.2) 
E, =(-E, + Eze WT 40 

Ege = Reg (SXV, -V, )= Ka Vo -Vi ML + sT4) 

where 

P, = E,'V, sind Xay'Vs ( Xa -X4 )sin2ő [2X45 XF (10 3a) 


E, = XapEq'/Xay'-(Xq-Xq')V,0085 /X gy" 
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Va =X V, sin dX py, 

Fee E (10.3b) 
Vig =X, E! Xay'tV,Xq'cosd X gy 

Xa Xat XL Xo =X tX Xa Xa +X, 


and X, is the impedance of the transmission line. Without loss of generality, the 


transfer function of AVR, Reg(s), is assumed to be of the simplest form i L i 
Sta 
When a FACTS device is installed in the system, equation (10.3) must be 
modified to include the influence of the FACTS device on the system 
performance. For an SVC (Static Var Compensator), we can simply assume the 
SVC's model is 


Yave = - Afsye / JX sve (10.4) 
From Figure10.1, we have 


Iso =Le -Y svel sve 
Vive = IX ols + V, = IX als -JX sbY sve sve + V, 


ver ¢ V, I ts Vs I sb V b 


Figure 10.1 The studied system 


Thus we can obtain 
Ve = IX sols + Vive = IX rip +V! C (10.5) 
where 


C=1+ IX bY eve =1- AfgycX e / X svc 
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Xn, =X, +X,,/C 


Equation (10.5) indicates that when the power system is installed with an SVC 
as shown by Figurel0.1, the equivalent system is of a line impedance X, 
connected to an infinite bus with a voltage V,/C. Therefore, the non-linear 
equations of the power system installed with the SVC have the same form as 
equation (10.3) except that X, and V, in equation (10.3) are replaced by Xyz 
and V/C respectively. 

For a TCSC (Thyristor-Controlled Series Compensator) applied in the power 
system, only X, in equation (10.3) should be replaced by X7, where 


Xn, =X1,-AMescX csc (10.6) 


For a TCPS (Thyristor-Controlled Phase Shifter), only the variable ô in 
equation (10.3) should be substituted by 


5+ Mops Fo (10.7) 


Therefore, the non-linear equations of equation (10.3) of the power system 
installed with SVC, TCSC and TCPS can be modified to be 


_Eq'V,si(5 + AfpsFo) Vè (X; -~Xq')sin2(6 + MfpsFo ) 


F CXys' *Xax' 
gi: tC Kaz Kez (10.8a) 
: ; 
gf (Xa -Xa') Vp 0095 + Afps Fo) 
q Xg CX ys! 
bie XV; sin(d + Afps Fo) 
CX 
ao (10.8b) 
y = Xr Eg + V,Xq'cos(5 + AfpsFo) 
tg Xi CX ' 
where 


Xa Xat Xn Ka" X+ XnXa=Xi+tXn (10.8c) 
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and Xyz is expressed by equations (10.5) and (10.6). By linearizing equation 
(10.8) at an operating condition of the power system, the Phillips-Heffron model 
of the power system with SVC, TCSC and TCPS can be obtained as follows: 


Ad = O, Aw 
Að = [-K,Ad =: K,AE,'- KpAf. = DAo V2H 
AE,'=(-K,A6 - K3AE,'- K Afe + AE ge ) /Tag' 


AE ge =[-AE ge ~K4(KsA6 + KgAE,'+Ky Afe)VT, 
where 


(10.9a) 


K; =P, 106 K, =P, Æ; Kp =P, lf. 
Ky = CB |06 Ky = Æ, 1E, K, = E/N (10.9b) 
K,= JO Kg = OV, IÆ; Ky = VAN 


The model can be shown by Figure 10.2. 


Figure 10.2 The Phillips-Heffron model of a single-machine infinite-bus power 
system installed with a FACTS-based stabilizer 
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10.2.2 Phillips-Heffron model of single-machine infinite-bus power 
system installed with UPFC 


Figure 10.3 is a single-machine infinite-bus power system installed with a UPFC 
(Unified Power System Controller) which consists of an excitation transformer 
(ET), a boosting transformer (BT), two three-phase GTO based voltage source 
converters (VSCs) and a DC link capacitor. In Figure 10.3, mz,mg and 6;,63 
are the amplitude modulation ratio and phase angle of the control signal of each 
VSC respectively, which are the input control signals to the UPFC. If the general 
Pulse Width Modulation (PWM) (or optimized pulse patterns or space-vector 
modulation approach) is adopted for the GTO based VSC, the three-phase 
dynamic differential equations of the UPFC are 


dia) | o 0 Lo o 
Fi lg : İka a cos(at + ôg) ly i V Eta 
a =| 0 a 0 fig aes cos(at + ôg -120°)]+] 0 y 0 [æ 
diş, n ra Lize E | cos(at + 5, +120°) ¥ 1 Dee 
——— 0 0 -Æ 0 — 

dt lg lz 
digg | |- o 0 L 0 0 
a ly . ipa eae cos(at + ôg) lg i VBia 
EA =| 0 Er 0 fis, as cos(æt + p —120°)]+| 0 — 0 | vp, 
dip, : 4 ry Linc B | cos(at + 5, +120°) 1 Use 

dt ls lg 

i 
dve _ Mg k 0 0 a 
POTA os(at +g) cos(æt +g -120 ) cos(æt+ôg +120 )| ir, 
de ike 
H İba 
B 


+ fcos(av+5,) cos(ar +5, -120°) cos(ax + dy +120°)| ing 
de ; 


IBe 
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Ve : Vet Yet Vb 


Figure 10.3 A UPFC installed in a single-machine infinite-bus power system 


By applying Park’s transformation 


diaj) |-Z 0 0 L o o 
p lg lka cos(at + ôg) lg V Eta 
fig |p o -2 o [PAP in -ZEP cos(ar +5, -120+ o — 0 POP ves 
H le i a 5, +120° lz 
dig, Tg Ec cos(ax + Et ) 0 0 1 V Ete 
dt 0 0 EA ip 
digg) |-% o 0 L o o 
F ls ina cos(at + 5p) lg i Vara 
a 0 -T 0 IPP is, -mae cos(a + 5p -120°)|+F O — 0 PPL va» 
dis, eee ine B | cos(at +5, +120°) 2 nj Vare 
= 0 --2 0 0 — 
dt ly ly 
d iza 
Wa Me hos(ar+ 5g) cos(at+óg-120°) cos(at+ Sp +120°)PP| is 
dt 2Cy, i 
Ec 
iba 
+8 kos(at +8) cos(at+ôp—120°) cos(ar +5, +120°)PP] i 
2C 4. 8 Bb 


ine 
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coswt  cos(at—120°) cos(wt + 120°) 
where P=—|-sinat -sin(@t-120°) -sin(at +120°) 
1 1 1 
2 2 2 
we can obtain 
diza, -E 9 9 20 0 
Be 0 a 0 beg le leg cosg lg VEtd 
=|- 0 Ofig,[+| 0 -2 0 [in| -7% sin5e|+| 0 — 0 fve 
dt 0 0 Oli le $ ale 0 le 
digg TEO 0 9 -E tz0 6) oo. E Vivo 
dt lg lg 
digg -B 9 0 1 69 0 
Bi 0 æ Ofing ly ipa cosd, | |E i Vrd 
; r, ; Vio | + 
rs =|-@ 0 Ofig,|+) 0 Da 0 fig, |- Bde! sind, |+] 0 T 0 | Ysu 
digo 0 0 Ofis rp Liso 0 S 1 Lro 
0 0 -2 0 0 — 
dt ls le 
ika iba 
dv 3m ; ; 3m . 
T = 4c, bose sind; 0 ‘eg * ac, oss sind, Of ig, 


lko ino 
For the study of power system oscillation stability, we can ignore the 
resistance and transients of the transformers of the UPFC, and the equations above 
become 


: My COSO EV de 
Ved |_| O =x Vlad | | 2 
Veq| (xe O | leg Mg SIND EVde 
2 
‘ : Mp COSO RV, 
-x 
Bd | od leads eee (10.10) 
VBa xg 0 | lag Mp SINO BV de 
2 
dvie _ 3Mg ; ira | 3mp ; iga 
—4e =- —E jcosð, sinp |+ cosd, sindp]. 
dt N £ EI in TAA 3 P| isg 


From Figure10.3 we can have 
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V, = jel, + Vey 
Ve, =Vp, + iXpylp +V, (10.11) 
which can be expressed on the d-q co-ordinate as 


Var + FV qe = JX (lca tina + jigg + Jing) + Ving + JV Eg 
= Xq(izg +ig) + JLEy'-Xa' (iza +ipq)] 


Ved + Veq = Vad + iV Big + JXpyipg —Xpying +V, sinô + jV, cosô 


(10.12) 
from which we can obtain 
Mpg COSOEVg, 
ikg XytXxætžg  XgtXe 
ibg Xg -Xp -Xpy | | MeCOSÔEVae _ Mp COSO RVG, _V,sind 
' soo p- Me Sind gVae 
HRK +X +xXg Xa +x | q 2 
ing XE — Xg — Xpy mp iaa +V, coss LE sin EV 
(10.13) 


For the dynamic model of the power system of equation (10.2) we have 


T, =P, =V,1,+Vglg, Eq =E; +(24 -x4 Jits 


Vat = Eg'-Xa iae ig =iga ting 
a yy = va? + Vas (10.14) 
Var = Xqlar 


qiq bat =l + lpg 


By linearizing equations (10.2), (10.13) and (10.14) we can obtain the state 
variable equations of the power system installed with the UPFC to be 
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0 a, 0 0 0 
ad] |X 2 _Kp 9 [as] | -Ea 
M M M M 
BO ok Ke Meee Ka ik 
AE ‘ aero. 18 0 ao AE.' a8 Vde 
4 Typ) Tio Tjo 1 Tio 
AE va _Kaks 0 - KaK _ 1 AE y _ Kaka (10.15) 
Tı Tı T, T, i 
0 0 0 0 
-Ke Koe Kø _Koæ (am; 
M M M M AS 
+| Kee Kæ Ko = _Kewm | 0°? 
Tyo. Ty.’ To Tio Amy 
_K4Kue _ KaKve _K4Kw _ KaKya | A5s 
Tı T, Ti Ty 


where Am,,Am,, Ad,;,Ad, are the deviation of input control signals to the 


UPFC and Av,, is that of DC bus voltage between two VSCs. By linearizing the 
last equation in equation (10.10) we can have 


1 
Av, = 
a K, 


— (KAS + KyAE,'+K,,Amg + Kp Ads +K opAmp + Keg Adp) 
9 


(10.16) 


The linearized model of the power system installed with the UPFC can also be 
shown by Figure10.2 with 


Af. = [Ava Au; | 


K pd Kea KaKo 

Tjo' T4Tyo' (10.17) 
Kp=| M |K, =| 32 |K, =| 54,2 
p Kpu | 1 | Koun K | KaKo 
M Tjo’ TT yo' 


if the input control signal to the UPFC, which is selected to be superimposed by 
the control output of the UPFC-based stabilizer, is Au, to be e (Au, = Amp ), b 
(Au, = Amp ), de (Au, = Adz) or 5b (Au, = Aôpg). 
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10.2.3 Phillips-Heffron model of multi-machine power systems 
installed with SVC, TCSC, and TCPS 


The linearized equations from which the Phillips-Heffron model of an n-machine 
power system without FACTS-based stabilizers is derived are 


A6 = Aw 

Aò = M! (-AT; - DAw) 

AE,'= Tyo [-AE,'~(Xp — Xp") AI p + 4E gp) 

AE pp = (-AE pp - K ,AVy)T 4 

ATg = Al gE qo'+Ig94E,'+Alg(Xo -Xp')I po + Ioo(Xp —Xp') Aly 
Ap = XgAlg, AVro = 4E,'-Xp' Aly 


(10.18) 


where the variables with a prefix Aare all n-order vectors. Others are n-order 
diagonal matrices. The output current of the ith generator can be expressed on d; - 


qj axes as : 


n 
Hondas. i se, 
T=la jla} YalEg e O + (X ge -Xa ge] (10.19) 
k= 


where Y = [y, | is the system admittance matrix of the power system when only 


the n generator nodes are kept and 6,,=6-6). 

Without loss of generality, we assume that in the n-machine power system, a 
FACTS-based stabilizer will be installed at node 1 (for SVC) or between nodes 1 
and 2 (for TCSC or TCPS). In order to obtain a systematic expression for Y, 
which includes the influence of the FACTS-based stabilizers, we assume that the 
first step in forming Y is to obtain an initial system admittance matrix, Yp4crs >» 
with the n generator nodes and in addition the nodes where the FACTS-based 
stabilizers will be installed. Then by deleting the extra nodes associated with the 
FACTS-based stabilizers, we can finally obtain the system admittance matrix Y . 


So Yracrs can be arranged as 


i È u Yp Ee a S 


5 Y, Y, |<-the n generatornodes 
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from which we can obtain 
Y =Y} -YY Yn (10.20) 
For the SVC-based stabilizer, 
Y,” = (Y1 + JABsyc) 
where ABṣpc is the output signal of the SVC-based stabilizer and Yı is the self 


admittance at node 1. 
For the TCSC-based stabilizer, we have 


AX csc 


Pye JAX csc i 
Tal vjes) 212 G12 = jAX csc) 
“ae JAX csc 
er oe ay? 242 (242 - JAX esc 


since the admittance between nodes 1 and 2 changes from a to renee Seem 
Z2 22 ~ JAX csc 
due to the addition of the output signal of the TCSC-based stabilizer, AX csc . 


Similarly, for the TCPS-based stabilizer with ratio k = k(A¢)e"/"’ , 


-1 


1 1 
EE Gye Ea 
E yt Cg? "ia V2 +C- 4 
1 eitt 
ya t(l- ae Yn 


In the expression above, y,, and y, are the self admittance's at nodes 1 and 
2. Yi2 and y, are the mutual admittance's between them. 


So Y; in equation (10.19) can be expressed as 


¥, = Y'y—-Y, (AF) (10.21) 
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where AF is the output signal of the FACTS-based stabilizer, which can be 
ABsyc, AXcsc or Ag. Therefore from equations (10.19) and (10.21) we can 
have 


n 
is S; 
Al; = Aly + iA: = Y Yno MEg O + (X gu - Xan" gee J 
k=l 


sonl, s. a- (AF 
[Epp e002 4 OX y =X pe p TRAD 


AF} (10.22) 


where subscript 0 denotes the value at initial state (or steady state) of the 
variables. Arranging equation (10.22) in the form of matrices we have 


Aly = Q,AE,'+P,A6 + M,Alg + Aj, AF 
L,Alg = Q,A4E,'+P,A5 + A,1,AF 


Thus we can obtain 


AI p = YyAE,'+F AS + Byl, AF 


Alg = Yg AE,'+Fo Ao + Bol, AF un) 
From equations (10.18) and (10.23) we obtain 

sAd = Aw 

sAw = M~'(-K,A6 - DAw - K,4E,'-Kp, AF ) dozi 


(K; + sTp)4E,'=-K,4ô + AE pp - K,1,AF 
(I + ST, )AE rp = -K ,(K,A6 + K,AE,'+AU pss + Kyl, AF) 


where I, =[1 1 --- 1f. Equation (10.24) is the Phillips-Heffron model of the 
n-machine power system installed with SVC, TCSC or TCPS-based stabilizers, as 
shown by Figure 10.4, where Af, = I, AF . 
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Figure10.4 The Phillips-Heffron model of an n-machine power system installed 
with a FACTS-based stabilizer 


Figure 10.5 An n-machine power system installed with a UPFC 
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10.2.4 Phillips-Heffron model of multi-machine power systems 
installed with UPFC 


Without loss of generality, we assume that in the n-machine power system, the 
UPFC will be installed between nodes 1 and 2 in the network as shown in Figure 
10.5. In order to include the function of the UPFC in the network admittance 
matrix Y , where only n generator nodes are kept, we assume that the first step in 
forming Y is to obtain an initial system admittance matrix, Y,, where node 1 and 
2 are also kept. That is 


0j | 2 Yas tM Vi 
0 1=(Yo Yn Yy (V2 |=¥| V2 (10.25) 
I, Y; Yz Yy; V: V, 
where 


ole Typ e Inf Ve = Vor Veo Va 


With the installation of the UPFC between nodes 1 and 2, the network 
equation of equation (10.25) becomes 


YY, + Iie +Y V, =0 
Ya2' Va -1 p2 + Y23V, =0 (10.26) 
Y, V +Y;,V, +Y¥3V, = I, 


where Y,,' and Y,,' are obtained from Y, and Y, by excluding 
Xı2 = Xıg + Xg. From Figure 10.5 we can have 


V, = jeli t+Vig le =de- Tp 


; (10.27) 
Ve = jxezl e2 +Vy +V2 

Equation (10.10) for the UPFC can be written as 
Vig = jxele +VeE Vp = Xal er +V 5 (10.28) 


where 
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Vg = meee (cosd, + jsind;) = nae eE 


MBYdc 
Vg = 


(cosd, + jsinóp) = ete 


From equations (10.27) and (10.28) we can obtain 
HSI J(xe txe +%p) Jxe kher +xg) J*E |; 
Irj] xz -j*g He txe) Yo} x| — ite Ie +Xe) PV 
(10.29) 


where xy =(%p_+Xz)(Xpt+Xpeo+Xg)—-Xg’. Then by substituting equation 
(10.29) into equation (10.26) we can have 


I, =CV, +F Vp +Vp (10.30) 


where 
J(xe2 + Xp) 


-1| Y z 
C =Y; - |F; r| i F; = -F;, A 


Y; JX x1 
xy 
Jk 
Fg =- Yay 0 : 
B =-F; Yyy, - f(g + xg) 
Xr 
Y,,'- J(xe + X52 +p) Jg 
Y'= : xy i Xr 
: JXE Y. 1 Sg txe) 
pa 2 a 


For the n-machine power system, the terminal voltage of the generators can 
also be expressed in the common co-ordinate as 


V, =E, '-jxa' Lg- jO -xa Hg (10.31) 


where 
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E,'= ci En' wes Bay; 1, = [y Ip iis Ln 
Xq'=diag(xg;'], x, = diag[x,;] 


From equations (10.30) and (10.31) we can obtain 
Ig = Cyl E,'— iq -Xa + CeVg + CgV 5) (10.32) 
where 
Ca =(C + jxa')!,Cg =C'Fp,Cp =C'F, 


In d; —q; coordinates, 


0 - 
asda e”? 7 =È Cu [En ' e!” +6,-5;) + (X45 -xp e" PIa 
+CaV ge” real '] 


(10.33) 
By denoting 


Car = Cat e/Paik | Cry = Cre PE Cy, = Cpe Bt 
Equation (10.23) becomes 
n 
14, = >; Canl-Eqe'sin Sina + (qe — Xan’ )L q4 COSSi¢g + CoV COSO Ry + Cpp COST R, 
kel 


n 
ly = DY CanlEgr'cOSóna + (Xak = Xan’ Hak sin fiza + CuVe sin On + Cara sind 5 
k=] 


(10.34) 
where 
Sng = 5, -5,+ Bays On = Og +Ô, + Bay + Bar Om =55 +5, + Bay + Boy 


Linearizing equation (10.24) we can have 
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Al, = Y,A6 + F,AE,'+G, Avg, +H; Am; +H, Am, +Rg, Adz + Rg Ad; 
(10.35) 


Substituting equation (10.35) into equation (10.18) we can obtain 


AT, = K,A5 + K,AE,'+K ygAvgq + K ppAmy +K pgp AS g + K Amp + K p Ads 

AE, = K,A5 + Kj AE,'+K gAvq_ + K gehts + Kgq,A5g +K Amp + Kya Ady 

AV, = K548 + Kg AE,'+K „4AV4s +K, Amg + KygpAbg +K, Amp + KyypAdp 
(10.36) 


Substituting equation (10.36) into equation (10.18) we can obtain the 
linearized Phillips-Heffron model of the n-machine power system installed with 
the UPFC to be 


Ad 0 DAI 0 0 A6 
dó | | -M'K, -M'D  -M"K, 0 | 4a 
4E,' ~ Ta"! K, 0 -Tao'' Ks Tao 4E,' 
AE) (-Ta*KaKs 0  -Ty"KgKe -T,' | 4Eqg 
0 0 0 0 0 rhe 
| M'K  -M°Kpe -M'K MK  -M°K po ris 
a te Kaa = Tar Kae = Tt" K qde E Tao" Kab F Tyo! Kaa re 
-1 - a iS = 
—TATK Kya -TA KaKye -TA’KAKue -TAKK -TA™KAK y Ads 
(10.37) 


From equation (10.29) we have 
1 f 2 . ; 
Tp. = xb eh + (Xe + X_ V2 — PV eg + xg +X~_ Wy) 
z 
1 i , : : 
Tp =Ne -Ip2 = z r2) +X_ WV, — pV. + j(xie + Xe. +X— Vg — J eV 5] 
b 


Thus 
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sinds — (xie + x£) a sind;} 


1 MEV ad 
Iiz = x eVa = (xie + Xg Viz + Me 7 = 
£ 


MEVde 


| may 
Itn = bene +(e + x2 Wig -g cosôg +(xig + Xz) ri d cosdy) 
b 


MEVde MBVde 


1 : . 
Ira = 5 1Gn +X_W ig + X1eVi2g — ig + Xg2 + XB) sind; + Xi¢ sind] 
z 
| mpv Mp 
Ig = mn OG) +X Vna ~ eV ing + He + Xer + XB) S d cosôg ~ x4, -“cosdg] 
z 
(10.38) 


where Vy, = AE,;'-x4'Al gy Vig = XyAly,j =1,2. By using equation (10.35) 
and equation (10.38), from equation (10.10) we can have 


AVe =- (AB + Ky AE,'+K hme +Ke&Aðpg +K.pAmpg +K.aAőp) 
9 


(10.39) 


Therefore, the linearized dynamic model of equation (10.37) and equation 
(10.39) can also be shown by Figure 10.4, where 


Af. = Dva Au, |] 


K,= M” K pa z To Ku i TaK Kya 
a ? I- ’ -1 
M Eu 7 T 49 Ea Ty K 4K sug 
(10.40) 


10.3 Analysis and design of FACTS-based stabilizers 


For the analysis and design of FACTS-based stabilizers, eigenvalue (or oscillation 
modes) computation and assignment can be used. However, in this section, the 
application of a traditional and effective technique, damping torque analysis and 
phase compensation method, is demonstrated. This technique was proposed 
originally based on the traditional Phillips-Heffron model of single-machine 
infinite-bus power systems installed with Power System Stabilizers (PSS) [1-3]. 
Therefore, it will be applied for the augmented Phillips-Heffron model of power 
systems installed with FACTS-based stabilizers introduced in the section above. 
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e The demonstration is presented for SVC, TCSC, and TCPS-based 
stabilizers. Obviously, however, the technique can also be applied for the 
damping function of a UPFC; 


e Phillips-Heffron model is not a limitation on the application of the 
technique introduced in this section. It can be used for a generalized model 
of power systems of equation (10.1), which will be demonstrated in the 
next section. 


10.3.1 Analysis of damping torque contribution by FACTS-based 
stabilizers installed in single-machine infinite-bus power systems 


The damping torque contributed by an additional damping controller to the 
electromechanical oscillation loop of the generator is 


ATp = Tp@Ao (10.41) 


where Tp is the damping torque coefficient. Assuming that the feedback signal of 
a FACTS-based stabilizer is y,, and its transfer function Ky C(s), where Ky is 


the gain of the stabilizer, then according to the principle of control signal 
decomposition in the Ad-—jA@ plane, the output of the stabilizer can be 
expressed in the frequency domain as 


Afs = K,C(ja, )Ag = K,KsAd + K,Kp@Ao (10.42) 


where œ, is the angular frequency of the oscillation. From Figure 10.2 it can be 
seen that the damping torque contribution by the FACTS-based stabilizer can be 
considered to be in two parts. The first part directly applies to the 
electromechanical oscillation loop of the generator and its sensitivity is mainly 
measured by coefficient Kp (associated with the deviation in transferred power 


caused by the damping control of the FACTS devices as can be seen from 
equation (10.9b)), which is named the direct damping torque. The second part 
applies through the field channel of the generator and its sensitivity is related to 
the deviation of field voltage as shown by equation (10.9b), which is referred to as 
the indirect damping torque. Usually, the direct damping torque is much greater 
than the indirect one, which is attenuated by the two filters before it forms the 
damping torque as can be seen from Figure 10.2. Therefore, from equations 
(10.9a), (10.41) and (10.42) we can have 
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* 


ATp x KpK,yKp@ Ao = AL K,Kpo,A@ (10.43) 


From equation (10.43) we can conclude immediately that 


1. The damping function of the FACTS-based stabilizer is performed mainly 
through the changes of the power delivered along the transmission line; 

2. The damping torque provided by the FACTS-based stabilizer is proportional 
to its gain. The strongest damping contro! will result in a ‘bang-bang' control 
because of the physical limitation of the FACTS devices. This has been found 
to be true in the case of the SVC damping control. Here it is concluded 
analytically not only for SVC but also for TCSC and TCPS. 


For simplicity of the expression, we denote P, in equation (10.8a) as 
P, = Pa — Peo (10.44) 


where P,, and P,, are shown in Figure 10.6. 


XA 


e 


 VE'sinð Vy (X, -Xa')sin2ô 


i oe z 2Xa X gy 


qa FPES o FW, (X, -Xa')cos28 


Xa Xa K 


Figure 10.6 P—ô relationship 
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On the basis of equation (10.43) we can carry out some further detailed 
analysis as follows. 
For SVC, from equations (10.4), (10.8) and (10.9) we can have 


X X,+X,' X_tX 
Kp= (Ee apea tra) (10.45) 
svc dÈ gÈ 


Since P, > P, as shown by Figure 10.6 and equation (10.44) and usually 
X,>Xq' which results in 


Xy +Xq > Xa + Xj" 
Xo Xa 


Equations (10.43) and (10.45) indicate that there is a possibility of the 
existence of a dead point of the damping function of the SVC when Kp =0 for 
certain parameters of the generator and a load condition. For a fixed-parameter 
SVC-based stabilizer, above the load condition associated with the dead point, the 
controller may provide the power system with positive damping and below the 
load condition with negative damping. i 

As far as the robustness of the SVC-based stabilizer to the variations of the 
system operating conditions is concerned, it has been found in many cases by 
numerical calculation and simulation that the stabilizer is more effective when the 
system load condition increases. This can also be concluded from equation 
(10.45), since the difference between P, and P,, increases when the system 
operates at a higher lodd condition as show by Figure 10.6, which results in a 


higher value of Kp. From equation (10.45) we also can have asi >0, which 
L 


means that the SVC-based stabilizer will be more effective when the impedance of 
the transmission line increases. 
For the TCSC, from equations (10.6), (10.8) and (10.9) we can obtain: 


Kp =e p Acc p59 (10.46) 
Xar Xg 


Equation (10.46) demonstrates that the TCSC-based stabilizer can always 
supply positive damping torque to the power system provided that the TCSC- 
based stabilizer is properly designed to make sure that Kp >0, which means that 
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the TCSC-based stabilizer should be designed in such a way that the output 
control signal can be guaranteed to have a positive component in phase with the 
rotor speed of the generator at the oscillation frequency on the Ad — jAm plane. 


At a higher level of transferred power, the difference between P, and P,, is 


greater as shown by Figure 10.6, and equation (10.46) shows that more damping 
torque can be provided by the TCSC-based stabilizer. In other words, at a heavier 
load condition, the TCSC-based stabilizer is more effective. Furthermore, 


Kp P P, 
Ae w(t - 2) <0 
XK, X 2 a 


which indicates that the TCSC-based stabilizer will be less effective when the 
network condition of the power system changes to that with a longer transmission 
line provided that the same amount of load is demanded to be transferred after the 
change. 

For the TCPS, from equations (10.8) and (10.9) we can have: 


FV ,E ô FV, (X,-—X,')cos26 
Kp _FWoE'cosð FW (Xg -X4')c0S28 i a (10.47) 


From Figure 10.6, we know that Kp > 0. Therefore, the same conclusion can 
be obtained about how the TCPS-based stabilizer should be designed to 


guaranteed that it can always provide positive damping as was the case for the 
TCSC-based stabilizer above. Furthermore, because 


Kp A B 
TDP 227) es, ) <0 (refer to Figure 10.6) (10.48) 
X Xn” X a 


TCPS-based stabilizer will be less effective when the network conditions of 
the power system changes to that with a longer transmission line. From Figure 
10.6 it can be seen that the difference between A and B does not change much 
with the load conditions of the power system. This means that the effectiveness of 
the TCPS-based stabilizer does not depend on the system load conditions. If 
A>>B, the same conclusion with that obtained for the TCSC-based stabilizer 
concerning the load conditions can be drawn. 
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10.3.2 Design of robust FACTS-based stabilizers installed in single- 
machine infinite-bus power systems by the phase compensation 
method 


From the discussion above we know that the effectiveness of a FACTS-based 
stabilizer changes with the variations of power system operating conditions. To 
guarantee the robustness of the FACTS-based stabilizer over a set of known 
system operating conditions, Q,, we should choose the operating condition, 
H, € Qe, at which the FACTS-based stabilizer is least effective so that once the 
stabilizer is designed at x, €Q, properly, it can work effectively over Q}. For 
example, from the discussion above we know that a TCSC-based stabilizer 
installed in a single-machine infinite-bus power system is less effective at lighter 
load condition with a weaker system connection to the infinite-bus bar. Therefore, 
it should be designed at known lightest load condition and weakest system 
connection so as to ensure its robustness. This strategy results in the following 
general method to design a robust FACTS-based stabilizer by the phase 
compensation. 


10.3.2.1 Design procedure 


If the transfer function of a FACTS-based stabilizer installed in a single-machine 
infinite-bus power system is denoted generally to be F mers ($) = Ky CCS) 


Afa = Fc (5)Y f (10.49) 


and the relationship between the feedback signal of the FACTS-based stabilizer 
and the rotor speed of the generator is y, (s) 


Y facts = Y f (S)@A0 (10.50) 
the damping torque provided by the FACTS-based stabilizer to the generator is 
ATp = Ref Fo (j@,)y ¢ (JO, )F pcrs (JO; )J0 A0 (10.51) 


where F,,(s) is the transfer function of the forward path of the output control 
signal of the FACTS-based stabilizer to the electromechanical oscillation loop of 
the generator. 

From equation (10.51) we know that with the variations of system operating 
conditions, the changes of the damping torque contributed by the FACTS-based 
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stabilizer are mainly determined by the variations of the term F,,(j@,)y,(ja,). 
At an operating condition 4, € Qo, if we denote 


F,(J@,)y p0) = Hy ZO (10.52) 
Facts(JO,)= FL-$ (10.53) 


from equation (10.51) we can obtain the damping torque provided by the FACTS- 
based stabilizer to the generator at 4, € Qo to be 


ATp = H,F cos(g, -$)a,Aa (10.54) 
If we have 
Po = Max(Y, ), Hy E Qo (10.55) 


in order to ensure the FACTS-based stabilizer providing the power system with 
positive synchronizing torque at all known operating conditions “4, € Qg, we 
should choose the compensation phase of the FACTS-based stabilizer, , to be 


all ER (10.56) 
According to equations (10.55) and (10.56) we may simply take 


=p (10.57) 


Therefore, from equations (10.54) and (10.57) we can obtain the damping 
torque contributed by the FACTS-based stabilizer to be 


ATp = HF cos(Q, - Po )@ Aw (10.58) 


From equation (10.58) we can see that before the FACTS-based stabilizer is 
designed, we can predict its effectiveness at EQ, by the term 
H, cos(p; — po) . If we have 


H, cos(P, ~ Po) = min lAs ©08(P¢ -Po)] (10.59) 
k 
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We know that the FACTS-based stabilizer will provide the system with least 
damping torque so that it will be least effective at the operating condition 
H, € Qo. Therefore, we can choose 4, € Qg to be the robust operating condition. 
Once the FACTS-based stabilizer is designed at sz, € Qg, equations (10.58) and 
(10.59) ensure that at any other operating condition, 4, € Qg, the FACTS-based 
stabilizer will provide the power system with more damping torque than it does at 
H, E Qg so that the effectiveness of the FACTS-based stabilizer is maintained. 
Thus the FACTS-based stabilizer will be robust to the variations of system 
operating conditions. 


10.3.2.2 An example 


An single-machine infinite-bus power system is to be installed with a TCR-FC 
type of SVC with stabilizing control loop, which is referred as SVC-based 
stabilizer, to damp low-frequency oscillation occurring in the power system. The 
parameters of the power system are 


Generator: 

H =4.0s,D =0.0, X4 =1.0,X, =0.6,X 4 =1.03 

Xaa =0.85,X pq =0.95,X aq = 9.45,X pq = 0.7 

R4 = 0.005,R y = 0.00065,R,4 = 0.0015,R,, = 0.0014 which leads 
X 4'= 0.3, Ty9'= 5.04s. 

Exciter (IEEE-ST1 type): 

K, =10.0,K ; =0.02 T, =0.01s,7, =10.0s,7, =1.0s,7, =1.0s. 
Transmission line (transformer included, one line): 0.0+j0.8 

SVC voltage control: T, = 0.15s, K,, =5.0p.u. 


It is known that the active power delivered along the transmission lines usually 
is Po =0.8p.u. but may change in the range from P, =0.4p.u. to P.9 =1.0p.u. 
to meet the varying requirement of power supply. The normal configuration of the 
power system is of two parallel transmission lines. However, the system may 
operate with a single transmission line. Therefore, the set of the known operating 
conditions of the example power system is 
Q9 = {Vi0.Vs02% 50> Peo» X tine) 

| Vig =V qo = Vbo = 1.0p.u.,0.4p.u. < Pg < 1.0p.0.,X ine = X OVX jing = 2X 1} 


Table10.1 presents the results of oscillation mode calculation and the value of 
H,cos(gj -Po) at 4 €Q5. From Tablel0.1 we can see that there are two 
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choices of the operating conditions at which the power system may be linearized 
for the design of the SVC-based stabilizer. 


Lg: Pa =1.0p.u. (one). This is the operating condition at which the system 


oscillation mode is of poorest damping; 
4: Py =0.4p.u. (two). This is the robust operating condition selected by 


equation (10.59). 
ale 


P.o =0.4p.u. (one) | —0.0015 + 55.3070 


Table 10.1 


ò oscillation mode 


operating 


condition* 


C 


A 
ih 


H 
4 
H 
H 


3 
4 
5 
6 j5. 
Hs 0.0825 + j4.9854 | 5 5495/111.86° 


* (two) denotes the system configuration with two parallel transmission lines 
(one) denotes the system configuration with single transmission line 


In order to demonstrate that the robust operating condition (B), 44 € Qg, is a 
better selection for the design of the robust SVC-based stabilizer, the stabilizer is 
designed separately at 4, and z with a same setting target to increase the 


damping of the oscillation mode to around 0.1. The conventional transfer function 
of the stabilizer is adopted here for the SVC-based stabilizer 
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sT, K icts (1+s7,)(1+57,) 
1+sT7, 1+sT7,, (1+s7,)(1+57;) 


F facts (8) = 
With 

K fcs = 26.31,7, = 0.58,T, = 0.0798,T, = 0.9s,7, = 0.041s,7,, = 0.015, 7,, = 10.0s 
at 4, the stabilizer moves the oscillation mode to —0.6003 + /5.2870. 

With 


K pen =151.97,T, = 0.5s,T, = 0.0315,T; = 0.98,T, = 0.0535,T,, = 0.015,7,, = 10.05 


at 44, , the stabilizer moves the oscillation mode to —0.6935 + /6.6338 . 


Obviously, both of these designs result in effective SVC-based stabilizer at the 
operating condition selected. However, their robustness to the variations of system 
operating conditions is different, as shown by the results of eigenvalue calculation 
presented in Table 10.2. 


Table 10.2 The results of oscillation mode calculation 


a O e O U 


O | —0.2236 + j5.4068 -1.3584 + j5.6210 
—0.3568 + j5.4433 -2.1352 + j5.7521 


R 


= 


2 
3 
5 
—0.4900 + j5.4208 -2.8967 + j5.8150 
—0.6003 + 5.2870 -3.5425 + 5.7883 
From Table 10.2 we can see that the effectiveness of the SVC-based stabilizer 


designed at the operating conditions selected by (A) is not maintained at some 
operating conditions over Qg. However, the SVC-based stabilizer designed at the 
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robust operating condition is robust to the variations of system operating 
conditions. These results justify the selection of the robust operating condition for 


the design of SVC-based stabilizer. 


Figure 10.7 presents the results of a non-linear simulation. System oscillation 


tarted by a three-phase to-earth short circuit at 1.0 second of simulation, which 
is cleared after 100ms. In Figure 10.7(a), the faulted line is switched back to 


is S 


service. In Figure 10.7(b) it is switched out of service. Obviously, the non-linear 
simulation confirms the results in Table 10.2 that the robust operating condition is 


` a better selection which results in a robust SVC-based stabilizer. 
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Figure 10.7 Non-linear simulation 
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10.3.3 Analysis of damping torque contribution by FACTS-based 
stabilizers installed in multi-machine power systems 


From last two equations in equation (10.24) we can obtain 


AE,'=-[(K3 +5Tp)+EX(s)Ke} [Ky + EX(s)K,]45 


10.60 
~[((K3 +5Tp)+EX(s)Kg]"[k, +EX(s)ky JAF =E(s)Ad + f(s)AF oo 


where k, = K,I,, k, = Kp I, . If we denote 


K IJut Kijup K I Jur 


K K > hup K pJup 
MK, =| ka Ë ko (LMK, =| k, |k =| k 
1 Itt M; iJrt b ia 23 p™p — pi 


K k 
Kim kino Kim ae pile 


E(s)=[Em(s) ez(s) Eyy(s)] 


E up (s) AS ry AO jy D 
E(s)=| e,(s) ,45=| 45, |4o=| 4w, |M ,;”D , = diag GE 
E Jle (s) A6 m ÁO p, i 


i=1,2,---n,i4 7 


and choose a pair Ad ;,,Aw,, system model of equation (10.24) can be expressed 
as 


AE Ip 


A AOD Jup |__| Risup AS,- Kiza Kisur | 45 Jup |_| Kony AE ' K pJup AF 
AO jg kin} 1 (Kim Kin | 4m y 


Kin kano 


: D Ad 
sae sce a Fae a tml m |- hy AE hy AF 


AE,'=[Ey(s) E BO) iad e;(s)Ad, + f(s)AF (10.61) 


From the last two equations in equation (10.61) we can have 
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rs] 5m Pad i 
Do Kin Kim Kimo 


- eed foe fe (945; - ie i [roar 


k 1Jlo 2Jlo pJlo 2Jle 


Adj, 
E Ein P |= 
| m(s) Ey | i ha 


Thus we can obtain 


Ad 
JW? | = hy, (s)Ad; + hzy(s)AF (10.62) 
AS m 


Substituting equation (10.62) into the last equation in equation (10.61) and 
(10.24) and then into the first equation in equation (10.61) we can obtain 


AE ,'= h3y(s)Ad, +h,,(s)AF 
AF = hy, (s)Ad; 


So if the feedback signal of the FACTS-based stabilizer is 


A6 5, 
Yy =C,A6; ralas +048, +C,AE rp (10.64) 
then substituting equations (10.62) and (10.63) into equation(10.64) we can have 
Mx (s) 
Vy =K,j(s)Ad; =———Aa, (10.65) 


Equation (10.65) indicates that for any feedback signal of a FACTS-based 
stabilizer installed in an n-machine power system, it can be expressed to be 


Ys =7,(s)aAo, (10.66) 


From Figure 10.4 we can obtain the forward path of the output control signal 
of the FACTS-based stabilizer to the electromechanical oscillation loop to be 


F(s) =k, —K2[K3 +sTp + EX(s)Kg] [ky + EX(s)ky ] (10.67) 


where k, = K,I, 
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Since AF = F nes (S)Y y , from equations (10.66) and (10.67) we can obtain the 


damping torque provided by the FACTS-based stabilizer to the electromechanical 
oscillation loop of the jth generator in the power system to be 


AT py = Rel F; (4)7 j Ay F facts (Aj OA jf =1,2,---n (10.68) 


where F;(A;) is the jth element of F(A;) in equation (10.67) and 4, is the 
oscillation mode of interest (or the complex oscillation frequency). 
Equation (10.68) indicates that in the multi-machine power system, the 


damping torque is contributed by the FACTS-based stabilizer to every machine 
through a single forward channel 


F(A,)y (4) = H;Z9; (10.69) 


So there are total n channels through which the FACTS-based stabilizer 
provides all machines with the damping torque. 

However, in the multi-machine power system, the sources of the oscillations 
associated with different oscillation modes may be different. If a FACTS-based 
stabilizer provides a machine with a certain amount of damping torque which 
results in little improvement of the damping of an oscillation mode, we can 
believe that to the oscillation mode, the machine is not the ‘source’. Based on this 
understanding, to the oscillation mode, 4, =-£,+ ja,, the damping of which is 
mainly characterised by & , we can define the sensitivity of ë, to an addition of 
the damping torque on the jth machine, D,,Aw, , aS S, 


S; = (10.70) 


So, the total improvement of the damping of the oscillation mode, 2,, due to 
the addition of a damping torque on all machines is 


n a A n 
Ag, = 2, A ADgy “2, SyADgy (10.71) 
= J” 


From equation (10.68) we can have 


ADgy = RelF (Ay AE facts (4) 
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Thus we have 
Ag, =) Sy Re[H £9 jAF pacs (4 )] (10,72) 
j= 


If there are M FACTS-based stabilizers installed in the n-machine power 
system, at the complex oscillation frequency 4, 


M 
ADgy = > Rel Fy (A) y (AAF feist (4) (10.73) 
k=] 


so the total damping contribution to the oscillation mode of interest is 


n M 
Ag, =>) Sy), RelHy Loy AF facut (A) (10.74) 
jal ka 


stabilizers machines oscillation modes 


Figure 10.8 The multi-channel model of FACTS-based stabilizers providing 
damping to an oscillation mode in the multi-machine power system 


Oscillation stability analysis and control 419 


In equations (10.73) and (10.74), the subscript k is added onto all variables to 
denote the Ath FACTS-based stabilizer in the power system. 

According to equation (10.74), a model describing the pattern that M FACTS- 
based stabilizers in the n-machine power system provide the oscillation mode with 
damping can be shown by Figure 10.8. 

From Figure 10.8 it can be seen that a FACTS-based stabilizer in the n- 
machine power system provides damping to an oscillation mode through two 
groups of n channels. The first group of n channels are the forward paths through 
which the FACTS-based stabilizer supplies damping torque to every machine in 
the power system. The second group of n channels are the connections between 
the damping of the oscillation mode and the addition of damping torque on 
machines, through which the damping torque is converted into the damping of the 
oscillation mode. Therefore, this model presents a full and clear picture of how a 
FACTS-based stabilizer distributes and contributes damping to oscillation modes 
in the multi-machine power system. 


10.3.4 Design of robust FACTS-based stabilizers installed in multi- 
machine power systems 


Assume that the set of all known operating conditions of the n-machine power 
system is Q). For the kth stabilizer and the ith oscillation mode, at all operating 
conditions 4;(m) € Qg, we can calculate the weights attached to each channel in 
the multi-channel model of Figure 10.8, wy, =S,,Hy,j=1,2,--", and then 
obtain a total weight 


Wy(m)= >) w=}, Spt ys Malm) € Qo (10.75) 


j=l j=l 


W, measures the damping provided by the kth FACTS-based stabilizer to the 
ith oscillation mode in the n-machine power system. So it presents an index to 
estimate the effectiveness of the kth FACTS-based stabilizer to suppress the 


oscillation associated with the ith oscillation mode in the power system. If we 
have 


Wa (m,) = min(W; ), Hx (m) € Qo (10.76) 
We know that the kth FACTS-based stabilizer is least effective in damping the 


oscillation at the operating condition pa(m,)E€Qg. So if we choose 
Hy (m,)€Q, as the operating condition to design the kth FACTS-based 
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stabilizer, an effective design of the kth FACTS-based stabilizer at 4, (m,) € Qo 
can ensure its effectiveness at all operating conditions “4(m)eQ,)due to 
equation (10.76). Therefore, by selecting a robust operating condition according 
to equation (10.76), the robustness of the design of a single FACTS-based 
stabilizer to the variations of power system operating conditions is achieved. 

However, in the case of the design of multiple FACTS-based stabilizers or 
PSSs, obviously, equation (10.76) may result in a different selection of the robust 
operating condition for different stabilizers and oscillation modes. So, it may be 
difficult or impossible to select a common operating condition at which all 
stabilizers can be designed simultaneously in co-ordination. On the other hand, if 
they are designed in co-ordination at a common operating condition 
simultaneously, their robustness may not be ensured due to the difference in the 
changing pattern of their effectiveness to the variations of system operating 
conditions. To solve this problem, the following method is suggested for the 
design of multiple stabilizers in two stages. 


10,3.4.1 Sequential setting of the phase of the stabilizers 


For simplicity of expression, we use the conventional form of the transfer function 
of stabilizers 


ST, 1 (1+s7,,)(1+sTj4) 
F = K, —— ee K,T, 10.77 
aest (S) = Ky 1+5T4 1457; (1+sTa lts) p. A) 


It is assumed that the Ath stabilizer is designed mainly to improve the damping 
of the ith oscillation mode in the power system, A, = -¢; + jæ; . Without loss of 
generality, we assume that at the operating condition of the kth stabilizer selected 
by use of equation (10.76), Sa 25;. 2*2 Sm. Then a compensation angle ø, is 
chosen to satisfy 


90° >f, -py >0°, j=1,2,en (10.78) 


If such a compensation angle can not be obtained, the selection of the 
compensation angle ¢, can be made among the first (n-1) machines to satisfy 


90° >p, -Py >0°, J=12,+-n~1 (10.79) 


This procedure can be continued until such a compensation angle is obtained. 
Then 7,(s) is set to have a phase angle —¢,, that is, 7,(A;) = 72-4, . So from 
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equation (10.74), the damping contribution by the kth stabilizer to A, can be 
expressed as 


n 
AGk) =Y, SyHyT, cos ByAK,, f=1,2,--n (10.80) 
j=l 
where By = —¢ + Py . The procedure above for selecting the compensation angle 


ensures that 0 > Jy > -90° is tenable for the machines which are more sensitive 


to A; so that they are provided with a positive synchronizing torque. Equation 


(10.80) shows the damping contribution to the ith oscillation mode by the Ath 
stabilizer. 


10.3.4.2. Simultaneous gain tuning 
From equation (10.73) and equation (10.80) we have 


M M N 
Ag =), AE = Y, 2, SyHyT cospyAK, 
kel kal j=l (10.81) 


Equation (10.81) demonstrates the total damping improvement by M 
stabilizers. It also indicates that after every T,(s) is set, the damping 
improvement of the oscillation mode is determined by tuning the stabilizers’ gains, 
AK, =K ke 


Assume that the target damping of the oscillation modes by the co-ordinated 
design of M stabilizers is —é,*,i =1,2,---L . An objective function can be formed 
to be 


L 
J(K) =>) QEK) - &P (10.82) 
il 
where K is the gain vector of the stabilizers K=[K, K, + Kyfř.To find 


the solution of the objective function, the steepest descent algorithm can be used 


K(n +1) = K(n)-stxVJ[K(n)] (10.83) 
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where st is the single-dimension optimal searching length and VJ[K(n)] is the 
gradient of J(K) with respect to K as 


L 
WKF, 20,18 (K) - 54) ED 


a 5 (10.84) 
Obi(K) _| K) 2 (K) |, (K) 
K K&K &, Ky 


By using equations (10.82) and (10.83), the gains of M stabilizers are tuned 
simultaneously which will assign L oscillation modes accurately to positions on 
the complex plane with target damping. 

This simultaneous tuning of all gains of stabilizers is conducted at the 
operating condition selected by use of equation (10.76) for each stabilizer. At the 
operating condition selected for the first stabilizer, the initial values of the gains 
are simply taken to be zero. From the operating condition selected for the second 
stabilizer on, the gain values set by the previous tuning are taken to be the initial 
values to start the current tuning. Also in the tuning process, the following 
constraint is checked 


E(K)| 2 |g; hi =1,2, L (10.85) 


If equation (10.85) is satisfied for any 4,,!=1,2,---L, which is supposed to be 


damped by the kth stabilizer, we set Q, = 0 and ik) =0 in equation (10.83). 
k 

This arrangement frees the eigenvalue drift towards the 'good' direction, the left 

half of the complex plane over the target value. Therefore, a unique final solution 

of gain tuning can be obtained. 


10.3.4.3 An example 


An example of a three-machine power system is shown by Figure 10.9, the 
parameters of which are 
Generator: H, = 30.17s, H, =13.5s, H, =30.17s, D, = D, = D, =0.0, 


Tia =7.5s, Tjo = 4.78, Tja =7.55, Xa, =0.19, X3, =0.41, X 4; =0.19, 
X,, =0.163, X,, = 0.33, X,, =0.163, 
X a =0.0765, X4, =0.173, X4, =0.0765 
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Exciter: Ex, (s) = Ex;(s) = Kai > Ta, = Ta; = 0.05s, 
1 + STi 


K n = K m = Ka =100 


Transmission lines: Z,, = 0.04 + j1.2, x7, =Xr2 = J0.03 
The load condition: L2 = 0.5 + j0.2, L3 =1.0+ j0.6. 


TCSC-based stabilizer 


L2 


Figure 10.9 The example power system 


The active power transferred along the main transmission line from bus 4 to 3 
varies from P}, =0.1p.u. to P, =0.9p.u. The example power system has one 
local mode and one inter-area mode poorly damped as shown in the third column 
of Table 10.3. It is decided that a PSS is to be installed on machine 3 to damp the 
local oscillation mode and a TCSC-based stabilizer is to be installed on line 3-4 to 
improve the damping of the inter-area. The locally available active power 
delivered along the transmission line is taken as the feedback signal of the 
stabilizers. 

From Table 10.3 it can be seen that in this case of two-mode oscillations, the 
damping of two oscillation modes changes with system operating conditions in a 
different pattern. There is no common operating condition at which two modes are 
of worst damping. Therefore, even the simple procedure to select a common 
operating condition according to the damping of the oscillation modes can not be 
used. Here, for demonstration, a compromised operating condition for both 
oscillation modes, 44, , is selected to be the common operating condition. At 44 


two stabilizers are designed in co-ordination by use of eigenvalue assignment, 
which results in 
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Table 10.3 


With stabilizers designed at a 
Qg Without any stabilizer common operating condition 
13 
P,, = 0.Ip.u. w = —0.3925 + j8.6483 a = —-1.2107 + j8.6064 
= —0.0564 + j4.3977 = —0.1766 + j4.4071 
Pa = 0.3p.u. i = —0.3981+ j8.5666 z = —1.0483 + j8.5468 
= —0.0578 + j4.4925 = —0.3246 + j4.5516 


Pp = 0.5p.u. z = —0.4000 + i. 5686 = = —0,8574 + B. 5740 

Py = 0.7p.u. a = —0.4002 + ror z = —0.6895 + zon 
mee 

P,, = 0.9p.u. EF = —0.3987 + i 6755 im =-0.5172+ i 7161 

Table 10.4 

Pene 
4.8521 0.2997 = = -3.4821 j7.2360 
ih 3.9417 0.9527 = = ~2.9983 + j 6606 
oe = —2.3118+ 1779 
Area = ~1.0067 + j5.0143 


Da 2.0081 2.5512 > = ~1.6438 + j8.5517 
Hs 1.2308 3.7461 im =~-1.24744 B. 8460 
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PSS: 
Kpss2 =1.8pu., T, = 0.2s, T, = 00.79s, T, = 0.0015, T, = 0.79, Toss = 0.01s, T, = 10.08 


TCSC: 
Kpss =1.8pu., T, = 0.25, T, = 00.79s, T, = 0.001s, T, = 0.795, Toss = 0.01s, T, = 10.05 


w 


They move two modes to: 
Atocal = -9.8574 £ 78.5740, Agreg = 0.45714 4.5710, 
both of which are of good damping around 0.1. However, the results of 
eigenvalue calculation presented in the last column of Table 10.3 show that this 
design at 4, does not provide robust stabilizers to the variations of power system 
operating conditions. 

Then the method proposed in the paper is used for the co-ordinated design of 
robust stabilizers. 


1. From the results of calculating Wiocat-pss (M) and Warestcsc(m) in Table 
10.4, it can be seen that at uz, PSS is least effective to damp the local mode and 
at 44 the TCSC-based stabilizer is least effective to damp the inter-area mode. 
This estimation is confirmed by the results in the last column of Table 10.3, which 
demonstrate that the lower the level of power delivery on the main transmission 
line P,,, the less effective the TCSC-based stabilizer is and the higher P,,, the 
less effective the PSS. The changing pattern of the effectiveness of the stabilizers 
is totally different. Therefore, xz, is chosen to be the robust operating condition of 
the PSS and yz, the robust operating condition of the TCSC-based stabilizer. 

2. At “ls , the parameters of the PSS except its gain are set to be 
K pss, = 1.8p.u., T, =0.2s, T, = 00.79s, T, =0.001., T, = 0.795, Tps = 0.01, T, =10.0s 
and at 4 , those of the TCSC-based stabilizer except its gain are set to be 
Kpssa = 1.8p-u., T, = 0.2s., T, = 00.79s., T, = 0.0015., T, = 0.79, Toss = 0.015., T, =10.0s. 

3. At us, the gains of the PSS and the TCSC-based stabilizer are tuned jointly 
by the algorithm of equations (10.82—10.85). The target damping for two 
oscillation modes is 0.1. The solution is Kpsy =1.28p.u., Krese = 2.26p.u., 
which moves two oscillation modes to 
Atocat = 0.8810 + 78.814, Aurea = ~0.4410 + 74.4140. 

4. At 44 , the gains of the PSS and the TCSC-based stabilizer are tuned jointly 
again by the algorithm of equations (10.82—10.85). With the same target damping 
of 0.1. The initial values of the gains are taken to be Kpsy =1.28p.u., 
Kycsc = 2.26p.u. The final solution is K psy = 1.28p.u., Krese = 12.0p.u. 
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The last column in Table 10.4 presents the results of the robustness of the 
stabilizers to the variations of system operating conditions. Obviously, both 
stabilizers are robust. 

Figure 10.10 is the results of non-linear simulation. The oscillations are 
triggered by a three-phase short circuit occurring at bus 3 in the example power 
system at 0.1 second of the simulation and is cleared after 120ms. They confirm 
all the results obtained above based on the eigenvalue calculation. 


d 12 (deg.) 
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———_ the system installed with the stabilizers designed at a common operating condition 
——— the system installed with robust stabilizers designed by the method proposed 


Figure 10.10 Non-linear simulation 
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10.4 Selection of installing locations and feedback signals of 
FACTS-based stabilizers 


Before the parameters of a FACTS-based stabilizer installed in a multi-machine 
power system are set, one of the first stages in the design of the stabilizer is the 
selection of its location and feedback signal. At this stage, the detailed structure 
and parameters of the stabilizer are usually unknown, so that the closed-loop 
system equations cannot be formed. Therefore, the initial design to select the 
installing locations and feedback signals of the FACTS-based stabilizer has to be 
performed with information provided by the open-loop system equations. 

Among the most popular techniques, the modal control analysis and the 
damping torque analysis methods have been applied both for FACTS-based 
stabilizers and PSS. In the literature, various indices may be found, based on the 
model control analysis and the damping torque analysis methods or a combination 
of both methods. The modal control analysis method is from the modal control 
theory of linear time-invariant systems, whereas the damping torque analysis 
method is based on a physical understanding of the electromechanical oscillations 
of power systems. They were thought to be two different techniques and have 
been used for the selection of installing locations and feedback signals of FACTS- 
based stabilizers. So far, however, the selection has been concentrated on ensuring 
the effectiveness of the installing locations and feedback signals of FACTS-based 
stabilizers. The criterion of the selection has been the maximum capability of 
FACTS-based stabilizers to damp power system oscillations. 

However, for a good design of stabilizers, besides the maximum effectiveness 
of the stabilizers, the robustness of stabilizers to the variations of power system 
operation conditions is an equally important factor to be considered. This means 
that at the stage of selecting the installing locations and feedback signals of the 
stabilizers, not only the effectiveness of the stabilizers at a typical operating 
condition, where the stabilizers are designed, but also their robustness over all the 
range of power system operating conditions should be examined. 

Therefore, in this section, the following two subjects about the selection of 
installing locations and feedback signals of FACTS-based stabilizers are 
discussed: 

e The connection between the modal control analysis and damping torque 

analysis; 

e Selection of robust installing locations and feedback signals of FACTS- 

based stabilizers. 

The general linearized model of power systems installed with FACTS-based 
stabilizers of equation (10.1) is used throughout the discussion. 
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10.4.1 The connection between the modal control analysis and the 
damping torque analysis method 


10.4.1.1 Damping torque analysis 


To derive the damping torque contribution to a generator, for example, the jth 
generator, from a FACTS-based stabilizer (the kth stabilizer) installed in an n- 
machine power system, by choosing the pair of state variables on the jth generator 
in the power system, ‘Ad,;,Aw,’, we can rearrange equation (10.2.1) into the 


following form 


Ad;| [ 9 œ 0 fas] f 0 
Aò; |=| -k; -d; A’ 523 Aw; |+| -Bzz Au; 
z Ajna Ajn jz z Bj; 
(10.86) 
Ad; 
Yk =(CyysCyo,Cy3"] AO; 
Z 


which can be shown by Figure 10.11, where 
K;(s)=k; stad + @Ay23" (SI -Aza (Aja ae An) 


K,(s)= (PCy +Cy)+Cy3" (sI- Ary (e Aja + Aj32) (10.87) 


Ky(s)= Aja (SI — Ay33) | By3 + By 
Ky,(s)= Cys" (sl - Aj53)' By; 


From Figure 10.11 we can obtain the electric torque provided by the FACTS- 
based stabilizer to the electromechanical oscillation loop of the jth generator to be 
Kyj(Ay) Kaj (Ai )F facts (Ai) 

I= Kuj (4, )F factsk (4;) 

The real part and imaginary part of the electric torque is the damping and 
synchronizing torque contributed by the damping controller. Under the conditions 
of the open-loop system with Fyci4(A,)=0 when the installing location and 


feedback signal of the FACTS-based stabilizer are selected, the damping torque 
provided by the FACTS-based stabilizer to the jth generator is measured by the 


K (AK (A). 


AT; = Aw, = Dj(A)aAw, (10.88) 


term 
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Fyactsk (s) 


The kth FACTS-based stabilizer 


Figure 10.11 The multi-machine power system installed with a FACTS-based 
stabilizer 


10.4.1.2 The modal control analysis 


For a linear system of equation (10.1) is written as, 


Ad; Ad; Ad; 
Aò; |= Al Aw, |+ BAu,, yp =C"| Aa, (10.89) 
z z z 


the controllability and observability index of a FACTS-based stabilizer associated 
with the oscillation mode of interest, A, = —o; + j@;, is 


b =W; B, ¢,=C'V, (10.90) 
where V, and w; are the right and left eigenvectors of the state matrix A with 
respect to the eigenvalue A, = -0; + j@;, i.e. 

AV, = AV, 

WT A=AW, (10.91) 

WV, =1,if i = j, O otherwise 
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F factsk © 


Figure 10.12 The full modal decomposition 


The residue is the product of the controllability and observability index 


R, = b;(4;)c; (4) (10.92) 
The full form of the modal control analysis is shown by Figure 10.12, from 
which we have 
F 'factsk (Ay ) 


AA, = b(A) 
i 1-H (A )F pesk (Ay) 
Under the condition of the open-loop system with F acr (44) =0 , the residue 


can be used to estimate the effectiveness of the FACTS-based stabilizer to be 
installed so that its installing location and feedback signal can be selected. 


c(4) (10.93) 


10.4.1.3 The connection 


If we denote the left and right eigenvector in equation (10.91) to be 
vi 
T T 
V, =| Via hF: = [wa wa Wa | 
Vig 
From equations (10.86) and (10.91) we have 
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0 w 
! Wp | -k d Ajy |=4 [w r] 
Wa wn Wy |-k; -d;} -Ajn |=&Wai Wo Wa (10.94) 
Azza Ajn Ajn 
from which we can obtain 
- Ajn Wn +Wiy" Azs = AW" (10.95) 
Solving equation (10.95) results in 
W, Mi = ~Ay23(AT - Ay33)"' Wa (10.96) 
From equations (10.86), (10.90) and (10.96) we have 
0 
T 
bi(4;) = [va Wa Wa |- Bro 
By; 


=[-B;; - Azz (Al - Aj) Bz Wn = -K (A) Wi2 (10.97) 


Similarly, from equations (10.86) and (10.91) we have 
0 œ OFM Yn 
-k; -dj -Az | Yn |= 4] Yn (10.98) 
Aja Ajn Asz Vs Vis 
from which we can obtain 
OVi = Ain 
A 5 31Vi + Az32Vi2 + AWV = AV ig 
Solving equation (10.99) results in 


(10.99) 


Do 
Va = Yi2 
5 (10.100) 
Va = (41 -Azay (Aya E + Aj32)Vi2 


From equations (10.86), (10.90) and (10.100) we have 


Va 
c(i) = [CCC] Vn 
Va 


O = a, 
= (Gren + Cpa) + Ca (AA — Ay33) (Aya a + Ay32)Wi2 


= Kyl Wn 


(10.101) 
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From equations (10.97) and (10.101) we can establish the connection among 
the electric torque and the residue to be 
R; = -Kg (A) Ky (Ay WiWn =-Kg (Ay) Kay (4 )P, (10.102) 


where P, = v;.W;. is the participation of the jth generator associated with the ith 
oscillation mode. 


10.4.2 Selection of robust installing locations and feedback signals 
of FACTS-based stabilizers 


If we denote the set of the candidate installing locations and feedback signals of a 
FACTS-based stabilizer in a multi-machine power system is ®(g) and that of 
power system operating conditions Q(z), the effectiveness of the stabilizer is the 
function of ọ and u, C(9, u). If only the maximum capability of the stabilizer to 
damp oscillations is considered, the criterion of selecting the installing locations 
and feedback signals of the stabilizer is 


Max(C(@,Ho)) My E(u) (10.103) 


However, the following two criteria are useful in the selection of both 
locations and feedback signals of a FACTS-based stabilizer, to ensure both the 
effectiveness and the robustness of the stabilizer 

Max{min C(9,4)] (10.104) 

p u 


Min[max C(g,4) — min C(ọ,4)] (10.105) 
p # H 


1. The objective of choosing an effective installing location or feedback signal 
for the stabilizer is to reduce the control cost. Therefore, by applying the 
criterion of equation (10.104) so that the most effective installing location or 
feedback signal is selected at the operating condition where the stabilizer is 
least effective, it is guaranteed that the minimum control cost is achieved. 

2. A good design of the stabilizer requires that it provides steady damping over 
all the range of power system operating conditions. If the damping 
contribution of the stabilizer increases greatly, on one hand, with the variations 
of power system operating conditions, the control could be over-strong at 
some operating conditions, which would pose much unwanted influence on 
other modes in the power system. On the other hand, a sharp drop in the 
damping contribution from the stabilizer with the changes of power system 
operating conditions results in poor robustness of the stabilizer. Therefore, the 
criterion of equation (10.105) requires that the damping contribution by the 
stabilizer changes as little as possible with the variations of power system 
operating conditions. However, this criterion should be applied jointly with 
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that of equation (10.104), since failing to meet the requirement of the 

effectiveness obviously is not a proper selection. 

Obviously, to apply the criteria of equations (10.104) and (10.105), the 
effectiveness of the FACTS stabilizer has to be examined over all the range of 
power system operating conditions. The modal control analysis and the damping 
torque analysis methods introduced above can be used for this application. 
However, since these two methods require the ecigensolution of system state 
matrix, it would result in a heavy computational burden. 

Therefore, an eigensolution free method is introduced as follows which is 
based on the assumption that at least one of the generators in the power system, 
which are sensitive to the oscillation mode of interest, is known. Without loss of 
generality, it can be assumed to be the jth generator in the power system and the 
oscillation mode is A, . 

In the selection of installing locations and feedback signals of the FACTS- 
based stabilizer to be installed in the multi-machine power system, the residue, 
R; = 5;(A,)e;(A;), are calculated for comparison among various candidate 
locations and feedback signals. For example, if there are two candidate installing 
locations or feedback signals, A and B, and 


[ora Ar) Jea] > bi A few A] (10.106) 
then A is considered to be better than B as the installing location or the feedback 


signal of the FACTS-based stabilizer. Therefore, it is the ratio, bua] Jeu] ` 
[bia (4| lew (A,)| 
not the values of the residue, that determines the selection. 

On the other hand, in system state equation of equation (10.86) or equation 
(10.89), if the installing location or the feedback signal of the FACTS-based 
stabilizer is different, the control and the output vectors, B and C7, are not the 
same but the open-loop state matrix A is unchanged provided that the operating 
point of the system remains the same. That is, 

Vira = Vine» Wna = Wig (10.107) 

Therefore, from equations (10.102) and (10.107), we can obtain 

lba (4) lea] Z Koia(Aa)| |K a (Awal vzal M |Kria (A) Kaa A] 

low (4) [cæ Ar [Koir 40) Ka Awas] Vis) Kois] Kew A] 

(10.108) 

Equation (10.108) shows that IKa (4)| IK i(A; ) can replace Ib, (A, Mle; (åp) to 

be the index to measure the effectiveness of the FACTS-based stabilizer so as to 


select the installing locations and feedback signals. Since in most cases, the 
oscillation mode of interest is lightly damped, i.e., A, ~ ja; , so 


Ka lA [Kei(Ay) * [Kai J@)| Kado) (10.109) 
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The index can be calculated without knowing the eigensolution of the open- 
loop state matrix A. Therefore, it is an eigensolution free index. The objective to 
choose the pair of Ad,, Aw, on the jth generator, which is sensitive to the 


oscillation mode of interest, is to avoid [val z 0, |w] x0 so that the replacement 
of the ratio of |b; (4; )]c;(4;)| by that of |K,,(4,)| |K.i(4,)] in equation (10.108) is 
correct. 

To select the robust installing locations and feedback signals of the FACTS- 
based stabilizer by use of IKa; jæ) IK cil ja,)\, according to equation (10.104) 
and (10.105), the criteria are 
Max {Min[|K MELI MK, alja) 


Min {Max[|K, wi (JQ, IK ci (JO, yl me Min[|x ME |K aa, |, 


for allu € O(42)}, for allp € (p) 
Obviously, applying the criteria to select the robust installing locations and 
feedback signals in the set of system operating conditions, Q(x), over the 


candidate set, (gy), the eigensolution free method greatly reduces the 
computational cost. 


], for ally € Q(4)}, for allp e P(g) (10.110) 


(10.111) 


10.4.3 An example 


An example three-machine power system is shown by Figure 10.13. Its 
parameters are 
Generator: H, = 30.17s, H, =13.5s, H, =30.17s, D, = D, = D, =0.0, 


Tyo. = 7.58, Tjo = 4.78, Tj = 7-58, Xa, =0.19, X4, =0.41,Xq, = 0.19, 
X,, = 0.163, X,, = 0.33, X,, = 0.163, 
X = 0.0765, Xz. = 0.173, X4, = 0.0765 


K 
Exciter: Ex, (s) = ———, Ex, (s) = Ka , Ex, (s) = K n , 
l+sTan 1+sT), 1+sT,, 


Tan = Typ = Ty, =0.05s, Ky = Ky = K 43 =100 
Transmission lines: Z;. = Z3, =0.0+ j0.2, X7, = Xr; = j0.03 

A low-frequency oscillation of about 0.65 Hz has been observed in the power 
system. It is decided that a TCSC (Thyristor-Controlled Series Compensator)- 
based stabilizer is to be installed in the power system to damp the low-frequency 
oscillation. The candidate installing locations are lines between node 1 and 2 and 
that between node 3 and 2. The locally available active line power or the 
magnitude of the bus voltage of TCSC could be the feedback signal of the 
stabilizer. 
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G2 
Figure 10.13 An example three-machine power system 


Table 10.5 


Kyi (jo; )| 
IK iC ja,)| 


IK (jo) Kaon] 2.31 


10.4.3.1 Selection by using the conventional criterion of equation (10.103) 


The typical operating condition of the example power system is 44 : 

V, =1.05228.7°,V, =1.05221.1°,V, =1.020°,P, =0.8p.u.,P,. = 0.6p.u. 

It is known that G, is sensitive to system oscillation. So by choosing the pair 
of variables, Ad;, Aq@,, and taking 4, ~ jo, = j2xx0.65= 74.1, the 
computational results of the eigensolution free method are presented in Table 


10.5. From Table 10.5 it can be seen that the best installing location and feedback 
signal for the TCSC-based stabilizer are line 1-2 and P, 


To confirm the prediction made by the eigensolution free method of modal 
control analysis, the TCSC-based stabilizer is installed on line 1-2 with P,, as the 
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feedback signal and on line 3-2 with P,, separately. The conventional stabilizer 
structure is adopted here to be 

Grese(8) = K- sT, 1 (1+s7,)(1+s7%) 

+sT, 1+sT (1+57,)(1+5T7;) 

When the TCSC-based stabilizer is installed on line 1-2 and takes P,, as the 
feedback signal, 

K =0.90, T, = 0.75, T, =0.37s, T, =0.9s, T, = 0.34s, T =0.025s, T, =3.0s 
the oscillation mode is moved from 4 =-0.13+ /4.14 to A = —0.52 + /3.88. 

When the TCSC-based stabilizer is installed on line 3-2 and takes P3, as the 
feedback signal, 

K =2.50, T, =0.7s, T, = 0.42., T, =0.9s, T, =0.45s, T =0.025s, T, =3.0s 
the oscillation mode is moved to A = —0.52 + j3.74. 

Figure 10.14 is the result of non-linear simulation. The oscillation is triggered 
by a three-phase short circuit occurring at bus 2 in the example power system at 
0.1 second of the simulation and is cleared after 120ms. The results above 
demonstrated that if the TCSC-based stabilizer is installed on line 3-2 and takes 
P,, as the feedback signal, higher control cost (higher gain value of the stabilizer) 
is needed to damp the oscillation. Therefore, at this operating condition, jy , line 
1-2 and P, is the best installing location and feedback signal of the TCSC-based 
stabilizer. 


14. 52 (deg.) j the stabilizer 


the stabilizer is on line 1-2 and takes P}, 


s 

t 

int 
' 


t(second) 


2.0 4.0 6.0 8.0 ` 10.0 


Figure 10.14 Non-linear simulation 
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10.4.3.2 The selection of robust installing location and feedback signal by using 
the new criterion of equations (10.104) and (10.105) 


The selection of installing location and feedback signal above is carried out at the 
typical operating condition of the power system, #4, , according to the criterion of 
equation (10.103). However, in the example power system of Figure 10.13, the 
power supply from two end generators to the load centre at bus 2 is known to vary 
with the changes of load requirement. The variations of power supply are in the 
range 

0.2p.u. < Pa $1.2p.u.; 0.6p.u. < P, < 0.8p.u. 

Therefore, the set of known system operating conditions is 

N(u) = {u(P2, Py): 0.2p.u. $ Pa <1.2p.u.;0.6p.u. < P < 0.8p.u.} 

The selection carried out at the typical operating condition yy € Q(z) cannot 
ensure that the installing location line 1-2 and feedback signal P}; is the best at 
every operating condition of the power system weQ(u). Therefore, the 
robustness of the candidate installing locations and feedback signals to the 
variations of system operating conditions should be examined so that a robust 
installing location and feedback signal is chosen. Figure 10.15 and 10.16 show the 


results of the examination by use of the eigensolution free method. From Figure 
10.15 and 10.16 it can be seen that 


Ky OK Gf py line 1-2 and Py 


92 line 3-2 and P3 
Øy line 1-2 and bus voltage 


Øg line 3-2 and b 


0.2 0.4 0.6 0.8 1 1.2 


Figure 10.15 The computational results with variations of P 17 at P37 =0.6p.u. by 
the eigensolution free method 
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Minl|K,, (ja; )|K ,(ja,)\latp, € Dp) > 
Minl|K u; (joK alopato € Hp) > 
Mini|K y (ja, IK i( j@;)latp, € Dp) > 


Minl|Ky(Jo)|K i Jo, lates edp) (10.112) 


Maxl|Ky oK ao- Minl|K s; GoKaoatp € P(g) > 
Max||K (Jo Kaon- Minl|K (joy Ka olatp; € Dp) > 
Maxl|K yu Ge Kajo -Minl|Ky Go Kaljo)atp, € ®(g) > 
Maxl|Ky(jo|Ka Jo J1- Min{ Ky (jo, )|Ki(ja,)llatp, € (9) 


(10.113) 
Therefore, according to the criterion of equation (10.110), the best installing 


location and feedback signal is g,: line 3-2 and P,,. Althoughg, does not 
provide the best result based on criterion (10.111), it does provide adequate 
insensitivity and is judged overall to be the best. 


py line 1-2 and P42 


yz line 3-2 and P 


gy line 1-2 and bus voltage 


#4 line 3-2 and bus voltage 


0.2 0.4 0.6 0.8 l 1.2 


Figure 10.16 The computational results with variations of P,, at P,, =0.8 p.u. by 
the eigensolution free method 


To confirm the conclusion that line 3-2 and P,, is the robust installing location 
and feedback signal for the TCSC-based stabilizer, Table 10.6 presents the results 
of the changes of the damping of the oscillation mode by eigenvalue calculation 
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over 446 Q(z) when the TCSC-based stabilizer is designed at z € Q(x) . From 
Table 10.6 it can be seen that when the power transferred along line 1-2 is below 
0.6p.u., the damping provided by the stabilizer to the oscillation mode is not 
enough (less than 0.1) if it is installed on line 1-2 and takes P,, as the feedback 
signal. The changing range of the damping of the oscillation mode is (0.2471- 
0.0381)=0.209 with the variations of system operating conditions. However, when 
the stabilizer is installed at line 3-2 and takes P,, as the feedback signal, it is 
robust to the variations of system operating conditions. The changing range of the 
damping of the oscillation is only (0.2054-0.1143)=0.0911. 


Table 10.6 


The stabilizer installed at line The stabilizer installed at line 
1-2 and takes P,, as the 3-2 and takes P, as the 
feedback signal feedback signal 


P,,=0.8p.u. P,,=0.6p.u. P,,=0.8p.u. 


3 
ona | onn | 0.2054 _] 


Figure 10.17 gives non-linear simulation at P,,=0.6p.u., P,,.=0.2p.u., which 
demonstrates that when the TCSC-based stabilizer is installed at line 1-2 and takes 
P,, as the feedback signal, its effectiveness is lost and if it is installed at line 3-2 
and P,, is taken as the feedback signal, system oscillation is still damped 
effectively. 
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Figure 10.17 Non-linear simulation 
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10.5 Summary 


This chapter introduces oscillation stability analysis and control of power systems 
installed with FACTS-based stabilizers. The discussions cover the subjects of 
modelling, analysis, and design of FACTS-based stabilizers installed in single- 
machine infinite-bus and multi-machine power systems. Examples are given when 
it is appropriate to demonstrate the analytical studies. 

For a good design of FACTS-based stabilizers in a power system, three factors 
must be considered: the effectiveness, the robustness and the interactions among 
stabilizers. In this chapter, some aspects of these factors are explored. However, a 
great effort needs to be directed to investigate the following problems in future: 

e Design of a single FACTS-based stabilizer in the power system, which is 
effective, robust, and imposes non-negative interactions on other stabilizers 
in the system. 

e Co-ordinated design of a group of FACTS-based stabilizers, which are 
effective, robust, and impose non-negative interactions on each other and 
other stabilizers in the power system excluded in the co-ordination. 

The reason is that when a FACTS-based stabilizer or a group of FACTS-based 

stabilizers are to be put into a power system, often other stabilizers may not be 
adjustable or it may not be desirable to readjust them. 
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Chapter 11 


Transient stability control 


R. Mihalié, D. Povh, and P. Zunko 


11.1 Introduction 


The stability of an electric power system (EPS) may be defined as an EPS’s ability 
to remain in synchronous operation under normal operating conditions as well as 
after being subjected to a disturbance. After a disturbance a stable EPS will regain 
a pre-fault or a new acceptable state of equilibrium. Stability problems may be 
manifested in many different ways depending on the EPS configuration, mode of 
operation and the nature of the disturbance. As such, stability problems may 
considerably influence EPS operation and control and have to be considered 
during the planning period. The loss of EPS stability (instability) may have 
dramatic consequences resulting in blackout of parts or of the whole system (who 
has not heard about the “famous” New York blackout). 

According to the nature of the phenomena, following a disturbance in an EPS, 
stability problems are often divided into various categories (e.g. steady-state 
stability, oscillatory stability, transient stability, voltage stability, etc.), although 
they are more or less connected to each other. According to the “nature of the 
stability problem” some phenomena predominate and in any given situation the 
response of only a limited amount of equipment or devices may be significant. 
Therefore specific methods are normally applied when studying specific stability 
categories. 

Transient stability (referred to also as 15! swing stability — although multi- 
machine systems may become transiently instable in the second or even later 
swing) may be defined as the ability of an EPS to remain in synchronism after 
being subjected to a major system disturbance such as a short circuit on 
transmission facilities, loss of generating unit or large load. The reaction of an 
EPS after such a disturbance is characterised by large deviations in: machine rotor 
relative angular positions, power flows, system voltage profiles etc. The criteria 
for a system to be transiently stable is angular separation between the machines. If 
they remain within certain bounds, an EPS keeps synchronism and is 
consequently stable. It should be noted that the rotor angular speed or velocity can 
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not be a criteria for stability (instability) thus angular speed or velocity of the 
system’s rotating masses may change more or less simultaneously (system 
frequency deviations). In this case the system may, in fact, be stable, although 
such operating conditions may not be tolerated. 

As already reported in numerous references, FACTS devices (also referred to 
as FACTS controllers) are, first of all, effective tools for dynamic power flow 
control in an EPS. As is known, and is the subject of discussion in the following 
sections, power flow is closely related to a system’s transient stability problems. 
As a result of these considerations FACTS devices may be an effective tool to 
mitigate transient stability problems in EPS, 

In Chapter 11 our intention is to show how with various FACTS controllers 
the transient stability margin of an EPS may be enhanced. Because, as already 
mentioned, transient stability is concerned with a large disturbance and, 
consequently, large deviations of electric quantities, it is influenced by the non- 
linear characteristics of an EPS. The equations describing phenomena can not be 
linearized. Therefore in our theoretical explanation a few assumptions will be 
made which will enable us to explain basic phenomena applying the equal-area 
criterion. The detailed description of methods for estimation of EPS transient 
stability is beyond the scope of this work. 


11.2 Basic theoretical considerations 


The aim of this chapter is to provide an explanation of how and why mechanical 
movement of the generator rotor is influenced by electromagnetic effects and how 
it is related to the problem of transient stability. The majority of the explanation 
will be restricted to a simplified machine model and to an equal area transient 
stability criterion. The theory relating to the equal area criterion is old and has 
been described in numerous works. Nevertheles this approach is still useful 
because of the following reasons: first it is easy to understand; second the 
transient stability problem of two generators (which can be representations of 
coherent groups of machines swinging simultaneously) can be transformed to the 
“one-machine infinite-bus” system [1], and third, there are methods existing 
which enable the transformation of the transient stability problem of a 
multimachine system to the “one-machine infinite-bus” system with time-varying 
parameters (applying the so-called generalized equal-area criterion [2, 3, 4, 5]). 


11.2.1 Generator behaviour under transient conditions 


For the purpose of studying electromechanical phenomena the generator can be 
represented by a driven rotating mass (equivalent to all turbines, shafts, and 
generator rotors) which is braked by an electromagnetic field. In steady state 
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operation the mechanical power delivered to the rotating mass equals the electric 
power produced by the rotor electromagnetic field. In this equilibrium point the 
mechanical turbine torque 7,, is equal to the electric torque 7, + mechanical 
damping synchronous speed torque 7, (rotational losses) and no relative rotor 
motion appears. As soon as mechanical and electric torque are no more in 


equilibrium the rotating masses are accelerated or decelerated following Newton’s 
law 


Je 4 Ddo =m (11.1) 
where 
0, = @, + Aa, (11.2) 

J represents the total moment of inertia of rotating masses (kg m°), @, is the 
rotor angular velocity (rad/s), @, is synchronous speed (rad/s), Aw, is the rotor 
angular speed deviation (rad/s), D is the damping-torque coefficient (Nms) and Tm 
T, and Ty (Nm) are the torques as already explained. The mechanical damping 
torque 7, is small and can be neglected for all practical purposes [6]. The main 
source of damping in equation 11.1 ( DAg@, ) is a generator damping winding. In 
synchronous operation there is no damping thus Aq@, equals 0. In transient 


conditions which are interesting for phenomena related to the transient stability 
the generator air gap flux penetrates the damper winding and induces voltage 


(emf) whenever @, # @,. As a consequence of this voltage, current flows in the 
damper winding which further causes a torque opposite to the change of rotor’s 
relative angle (according to Lenz’s Law). This torque can for small speed 
deviations be assumed to be proportional to A@ and can be referred to as 
asynchronous torque (the phenomenon is similar to that in a running 
asynchronous machine). For convenience and clarity of explanation in our further 
considerations let this damping be neglected. In this way our calculations may be 
considered to be “on the safe side”. 

Considering these assumptions, equation 11.2 and the fact that a@ is a 
constant, equation 11.1 can be written: 


ddo 
J f= -T,, ; 
Ta- Te (11.3) 


Let 6, be defined as a rotor angle with respect to the synchronous rotating 
reference axis. Then: 


dé 
Ao, =— 
rr (11.4) 
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and according to equation 11.3 
d’6, 

dt? 
Multiplying equation 11.5 by the synchronous velocity @, and taking into 


consideration that power is a product between torque and angular velocity 
equation 11.5 can be rewritten as follows: 


d’6, _@ 

2 2 —RP mn ey 
dt o, > 
where P,, is shaft power provided to the generator and P, is the electrical air-gap 
power. In all practical cases it can be assumed that the rotor speed of a 


synchronous machine is so close to the synchronous speed that 


J 


=f. h (11.5) 


Ja, (11.6) 


2al, (11.7) 


Considering also that the product JÆ, equals the angular momentum M, (kg 
m//s) finally the basic equation is obtained that describes rotor dynamics — the so- 
called swing equation 


a6 
Me = Pa R,- (11.8) 


Often rotor angular momentum M , is expressed either with: 


e normalized inertia constant H(s), defined as a stored kinetic energy of 
rotating masses in mega Joules at synchronous speed, normalized with the 
machine rating Sy 


2HSy 
p= or with the (11.9) 
N Dy 


e mechanical time constant T, (s), defined as the time in which a generator 
rotating mass would reach the synchronous speed if the nominal 


mechanical torque (S,/@) was suddenly applied to the turbine shaft of 
the generator at rest 


TSn 
T, =2H >M, = (11.10) 


Oo 
The changes in the mechanical power P,, are dependent upon the turbine 
power (frequency) controller. The time constants of mechanical power control are 
high compared to the rotor initial-swing time interval, therefore during the 
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transients, characteristic for transient stability, P„ can in our theoretical 
considerations be assumed constant (pre-disturbance steady-state value). 

The remaining term of the swing equation that still has to be discussed is the 
air-gap electrical power P.. If generator resistances are neglected (and in our 
considerations they are) then P, also represents the generator electrical power 
delivered into electric network. 

As is well known from the theory of synchronous machines the steady state 
electric generator power P, can under the described assumptions be expressed 
with the following equation: 


P, =P= -Belong „Edl Belt hina, (11.11) 


q d 

In equation 11.11 i and X, represent direct- and quadrature synchronous 
reactances respectively, Ug is the generator terminal voltage, E is the generator air 
gap emf and 6, is the phase shift between the phasors U, and £E. 

Equation 11.11, however, can not be used for transient conditions. During 
these conditions the armature flux is forced into high reluctance paths outside the 
field winding. Therefore the reactances X,'and X,' (transient machine reactances in 
the direct and quadrature axes respectively) associated with the flux path in 
transient conditions differ essentially from those of the corresponding steady state 
(synchronous) reactances [6, 7]. If the rotor flux linkages in both axes are 
assumed to remain constant during transients, a generator can in such conditions 
be represented by constant transient emf £’ acting behind X,' and X,’. In this case 
the transient power equation 11.12 has for the salient pole generators [6] the same 
form as the steady state power equation 11.11, however synchronous quantities 
have to be substituted by transient values (E by E', X, by X4). Ug should be 
considered a “post-disturbance” generator terminal voltage and & the angle 
betwen the phasors £’ and Us. Thus the armature flux associated with the 
quadrature axis current component is by the salient pole generators not linked to 
the rotor field winding in the transient power equation, and X, remains unchanged. 
We obtain: 


Elud. o lol (1 1). 
P =P, -Ekol ina, oH Jp anaes (11.12) 


It should be noted that the transient power equation for round-rotor generators 
differs from that of 11.12. The transient emf E’ can then be calculated from the 
pre-fault conditions from ee 11.13 as follows: 


IE|= te Ea Xa- Ža ly lcosõ (11.13) 
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where Uco is the pre-fault generator terminal voltage and ô, the angle between E 
and Ugo. Assuming X,' = X,' ( ~ X, for salient pole generators) the second term in 
equation 11.12 disappears and the transient power equation simplifies to: 


Wel... 
R =R == sind, . (11.14) 
Xa 

This equation is for the assumptions adopted valid also for round-rotor 
generators. The simplification introduced does not significantly affect the 
qualitative considerations regarding transient stability for the two following 
reasons. Firstly the neglected terms in the transient power equation are relatively 
small compared to the remaining term (equation 11.14). Secondly they (or a part 
of them in the case of a round-rotor generator) have double frequency which 
means that the error introduced by the simplifications is of different sign in the 
region 0° < 6,’ < 90° to that in the region 90° < 6,’ < 180°. In this way during the 
angular swings ranging through these regions (they are the most interesting when 
considering transient stability limits) the error has a tendency to average out to 
zero. 


11.2.2 Equal area criterion 


Now let us assume that a generator is connected to the infinite bus via a 
transformer and a transmission line, as shown in Figure 11.1a. Let the infinite bus 
voltage U , be the reference phasor. The angle difference between the generator 
transient voltage E' and the reference phasor is referred to as 5 and the sum of 
system reactances X,' + Xy + X, is referred to as X. The transmission characteristic 
is presented in Figure 11.1b. 

Let us examine the behaviour of the system if the mechanical power is 
stepwise changed from Po to Pmi- In this case the system operating point follows 
the transient transmission characteristic from the old equilibrium point (point 0 on 
the characteristic) to the new equilibrium point (point 1). However the rotor 
cannot be pushed to a new point instantaneously and in its way from 0 to 1 the 
mechanical power accelerates the rotating masses because there is an excess of 
mechanical power over electrical power. This excess is manifested in the enlarged 
kinetic energy of the rotating masses. Therefore the rotor moves forward until its 
excess of kinetic energy is not transformed into potential energy at point 2. From 
point 1 to 2 the generator is decelerating because there is an excess of electric 
power over mechanical power P,,;. In 2 the relative rotor movement direction is 
turned around and the rotor swings back. Without any damping the rotor would 
swing around the point 1 between the points 0 and 2. It is obvious that the point 3 
of a transmission characteristic is a point of no return. By passing over point 3 the 
electrical power becomes higher than the mechanical power and the rotating 
masses are accelerated. The system is unstable. 
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(a) 


Figure 11.1 Generator-infinite bus system (a) Network configuration (b) Related 
transmission characteristic 


Now, let the swing equation be multiplied by dô/dt. We obtain: 
-P)— or (11.15) 


2 
dd 
M A =(P,- 2)ŠÈ ano 
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Integrating gives: 


dé) 72 
(£) = [Že -2% . (11.17) 


In steady state operation the speed deviation dd/dt is zero. At the point of rotor 


movement direction turn around the speed deviation dô/dt is also zero. If the rotor 
continues moving (passing point 3) the system is not stable. Therefore the stability 
criteria may, according to Figure 11.1, be written as: 


6, ô, 
|= (P, -35 =0= f(E -2X5 . (11.18) 
& r ôo 


It means that the area under the function P,, - P, must be 0 to maintain the 
system stable. In other words the accelerating area A, must be equal to the 
decelerating area A, i.e.: 


â, ô, 
J(Pa -P dd = [(P, - PMs . (11.19) 


Figure 11.2 Illustration of transient stability 


Now let us assume a three phase fault occurs on line 1 near the generator bus 
(c.f. Figure 11.1a) at time f (ô = ôo) and is cleared after a certain time t¢ (ô = ôo). 
During this fault let the generator electrical power be zero. Transmission 
characteristics for such operation are presented in Figure 11.2. It is obvious that 
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according to previous considerations the system is stable as long as the area A, is 
smaller than the area bounded by points 1-2-3 (area A,). The difference between 
the areas A, and A, can be denoted as the transient stability margin Arsm. AS soon 
as this stability margin becomes negative, the system is unstable. 


11.3 Analysis of power systems installed with FACTS devices 


As presented in Section 11.2.2. the criteria for the system to remain stable is “area 
A, < area A,”. Let us assume that the stability margin is to be enhanced applying 
FACTS devices. The main way to achieve this, is to modify the system 
transmission characteristic so as to enlarge the area A, and consequently the 
transient stability margin Az. The aim of this section is to explain how with 
FACTS devices the system transmission characteristics can be modified. Such 
proper modification plays a key role in transient stability margin enhancement. In 
order to be able to determine the “optimal” controllable parameters of FACTS 
devices in the transient stability enhancement sense, static models are developed, 
which describe the interdependence between the power transmission 
characteristic, the simplified system parameters, and the controllable parameters 
of the FACTS devices. This further serves as a basis for the determination of the 
power swing damping strategy. 


11.3.1 System model and basic transmission characteristics 


Let the simplest model of a generating unit, supplying a stiff grid via transmission 
facility (Figure 11.1a) serve as a basis for considerations regarding impact of 
FACTS devices on transmission characteristics. The electrical scheme is presented 
in Figure 11.3a. 
Such a model may be a representation of the two idealized cases, i.e.: 
e Generator is equipped with an idealised voltage regulator which holds the 
voltage of the generator bus constant. In this case X represents the sum of 
Xr and X, (c.f. Figure 11.1); U, (U,=U, e+) represents a generator bus 
voltage. 
e Generator voltage regulator is very slow and does not react during the 1* 
swing. In this case U, represents the generator transient emf E’, while X is 
the sum of X,', Xr and X,. 
As is well known for the presented system, the transmitted active power is a 
function of the transmission angle das follows: 


2 sin(6) , (11.20) 


P =P, =P= 
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and this is further referred to as the basic transmission characteristic. As in the 
presented test system losses are neglected, the transmitted active power does not 
change along the transmission corridor. The transmission characteristics are going 
to be presented in P.U. system, the basis being the maximum value of the basic 
transmission characteristic Py4,x, as presented in Figure 11.3b. 


(a) 
U, Z5. x U, 10. 
—> a: 
P, P, 
(b) 
PIP ax 
4 
5 [deg] 
(o) 90 180 


Figure 11.3 Model of the transmission system (a) Network scheme (b) Basic 
transmission characteristic 


11.3.2 Power transmission control using controllable series 
compensation (CSC) 


From the system point of view CSC can be represented as a controllable 
capacitance connected in series in the line. The model of the network with CSC 
included is presented in Figure 11.4a. The CSC controllable parameter may be 
assumed to be its reactance Xose. If CSC is operating in capacitive mode Xese is 
negative, while in inductive operating mode it is positive. The transmission 
characteristic is determined with: 


Transient stability control 453 


(a) 


(b) 


Figure 11.4 Model of the transmission system with CSC (a) Network scheme (b) 
Transmission characteristics 


UU, 
P =P, =P= a oo (5)= Wee) (11.21) 


Kesc being the so called series compensation degree (Kese = -Xese / X). Location 
of a CSC does not affect a system transmission characteristic therefore the ratio 
between X, and X, (c.f. Figure 11.4a) is arbitrary, their sum being equal to X. The 


454 Flexible ac transmission systems 


transmission characteristics for various compensation degrees Kosc are presented 
in Figure 11.4b. 


11.3.3 Power transmission control using static series synchronous 
compensator (SSSC) 


As is known SSSC may be assumed a series connected reactive voltage source [8, 
9, 10]. In the major part of its operating area SSSC injected voltage U; is 
independent of the throughput current. Therefore the SSSC controllable parameter 
may be assumed to be an injected voltage magnitude U,. If the device is assumed 
without losses, the phasor U; is perpendicular to the SSSC throughput current. 
The network scheme is presented in Figure 11.5a. According to this figure the 
following equation may be written: 


E Hl atin) 


In equation (11.22) the term “(U, - U,)” represents the phasor difference 
between U, and U,. Without SSSC this would be the voltage drop on reactance X. 
The injected voltage phasor U; has the same direction because it is a reactive 
voltage source. With the term (U, - U,)/|U, - U,| this dirrection is determined. 
Multiplication with the injected voltage magnitude U; mathematically describes 
the phasor Ur. Now, the difference between (U, - U,) and U; is the sum of voltage 
drops on reactances X, and X; in the SSSC presence. 

The transmission characteristic can be obtained from the following equation: 


P =P, =P=Re(U,I")=ReU,I")=U, Reli) (11.23) 


(Note: U, has been chosen as a reference phasor, therefore: U, = U, e°= U,, U, 
= U, (cos(5) + j sin(5)). ) 
After a litle algebra, taking into consideration that 


lu, -U,|= Ju? +U,’ -2U,U, cos(ô) and X,+ X, = X, it is not to hard to calculate 


the final result: 
U,U, sin(ô) 1- U, 


P =P, =P= N 
x U? +U}? -2U,U, cos(6 


(11.24) 
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Figure 11.5 Model of the transmission system with SSSC (a) Network scheme (b) 
Transmission characteristics (c) Impact of the system terminal voltage ratio on 
transmission characteristics 


The group of transmission characteristics is shown in Figure 11.5b. From 
equation (11.24) it is obvious that the SSSC location in the present theoretical case 
has no impact on power transmission characteristics, on the other hand the change 
of the ratio between the system terminal voltage magnitudes impacts transmission 
characteristics (especially in the area of low transmission angles), although their 
product remains constant. Let us assume: U, / U; = U,,;, and U,U, = 1, then U, = 
(Uraio)’”, U, = 1U)". Changing of the transmission characteristic with U, 
variation is illustrated in Figure 11.5c. 


11.3.4 Power transmission control using static var compensator 
(SVC) 


There are two possible explanations of the influence of an SVC on the real power 
flow in the system. The first one is the so-called constant voltage principle, the 
second one is the representation of the SVC by a parallel connected controllable 
susceptance Byc corresponding to the instantaneous operating point of the SVC 
[11]. To explain both principles consider the system presented in Figure 11.6a. 
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Figure 11.6 Model of the transmission system with SVC (a) Network scheme (b) 
Network impedance scheme (c) Transmission characteristics 


11,3.4.1 Constant voltage principle 


The main SVC task in electric power systems is voltage control. Without 
additional signals (besides the voltage magnitude signal), and supplementary 
control loops, SVC may be assumed to keep the terminal voltage magnitude Usyc 
at a predefined constant level. In this case the transmission line is divided into two 
sections and the transmission system may be assumed to be electrically shortened. 
The power transfer is dictated by the electrically longer of the two sections. Let us 
assume the system terminal voltage magnitudes U, and U, are equal to 1 p.u. and 
that an SVC is located in the electrical middle of the system (both X, and X, equal 
to X/2 — c.f. Figure 11.6a) and keeps terminal voltage Usy_ at 1 p.u. In this case 
the system is electrically shortened by a factor of 2 and the transmission 
characteristic is described by the equation (11.25). 


oe UU, sin(ĝ4) 


R =P,= (11.25) 
X 
% 
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The transmission characteristic for this case is presented in Figure 11.6c. 


11.3.4.2 Controllable parallel susceptance 


If the SVC terminal voltage is not kept at a constant level (and, as it will be 
shown, for transient stability margin purposes should not), the SVC may be 
represented as a parallel susceptance Byc (losses in the SVC being neglected) 
corresponding to the SVC operating point. The impedance scheme of such a 
system is shown in Figure 11.6b. This impedance scheme can be transformed by 
"Y - D" transformation (dotted-line elements in Figure 11.6b). The parallel 
reactances X; and Xp in the present case do not play any role thus U, and U, are 
assumed constant. The effect on the transmission line is in this case the same as if 
series compensation with the impedance Xose = - X, * X, * Bove were used. From 
this equation it is evident that Boy, is in direct proportion to the reduction of the 
series system reactance Xp (Xr = X, * X, * Bsyc). The transmission characteristic 
is, applying the same logic as in the case of CSC, described by the equation 
(11.26). 


UU. 
P =P, = P = —— sinó 11.26 
zR =P (6) (11.26) 
The question still to be answered is, where in the transmission corridor should 
the SVC be placed in order to achieve its maximum impact on transmission 
characteristics. Let the ratio between X, and X, be referred to as Xgario. Then 
applying the equations: 
XX ano. X 


X, 
X tX, =X; = Xrm, = ; EET A 


(11.27) 
2 + X ratio 


the system series reactance reduction X, can, applying a little algebra, be 
expressed with X and Xpano as follows: 


B vc X’ Xpano 
( +X, FER j 


In order to maximize SVC impact on transmitted power, Xpgano Should be 
chosen so as to maximize this expression. As is well known, such “optimal” Xpano 
can be calculated from the following derivative equalled to 0. 


X = XX, Boye = (11.28) 


Xr _ BoycX*(I- X pan) 


=0=(1- Xp,.7,)=0 11.29 
cy ee A ; Xeano) ( wao) ( ) 
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According to (11.29) Xpanio Should be 1 i.e. X, and X, should both be equal to 
X / 2. In other words, SVC should be positioned in the electrical middle of the 
system. Transmission characteristics for various SVC susceptances Bsyc, with 
SVC in the middle of the system, are presented in Figure 11.6c. 

For economic reasons in-practice SVCs are not rated as high as to be able to 
keep voltage at the desired level over the whole range of transmission angles (5 
from 0 to 180°). At a certain angle 6. SVC reaches its limit and the constant 
voltage principle can not be satisfied. From this angle on SVC behaves as a 
parallel connected capacitor. If e.g., according to Figure 11.6c, maximal SVC 
susceptance Byc equals 4/X*0.4, then from & on the transmission characteristics 
follows the characteristic “B yc = 4/X * 0.4”. 

As is shown from figure 11.6c, stability margins can be enhanced by applying 
both of the principles, i.e. constant voltage principle as well as susceptance 
principle. However, more effective is the last one (“jump” to the SVC capacitive 
limit) thus also area between the curves “constant SVC terminal voltage” and 
“Boyc=....” can be used too. 


11.3.5 Power transmission control using static synchronous 
compensator (STATCOM) 


From the system point of view STATCOM may be treated as a parallel connected 
current source because in the major part of its operating area its current is 
independent of the terminal voltage magnitude Usrarcom [11, 12, 13]. The 
STATCOM controllable parameter may therefore be assumed its current 
magnitude Jy. When losses are neglected, J, represents the STATCOM reactive 
current phasor which is perpendicular to the terminal voltage phasor Usratcom- 

The network scheme is presented in Figure 11.7a. According to Kirchoffs laws 
the following three equations can be written: 


Ustarcom =U, ~ JLX, (11.30) 
U -U 
jX: 
I, =1,~-1e (11.32) 


By equating the right-hand terms of (11.31) and (11.32) and by considering 
(11.30), an equation is defined, from which current J, can be easily calculated as 
presented in (11.33). 


r= U, -U, +] X, 11.33 
aeon) +x) ais 
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a) 


b) 


Figure 11.7 Model of the transmission system with statcom (a) Network scheme. 
(b) Corresponding phasor diagram 


Now Ugrarcom can be defined in accordance with (11.30) 


_&, -U,)X, -jl 


X,X. XX. 
U =U 12 =U, -jI 12 11.34 
“sratcom = Sa (x, +X,) X £o (x, + X,) Ys — Jha (x, + X,) ( ) 
Taking into consideration that: 
U 

L = jh = 

Lo =H U, (11.35) 
(11.34) can be rewritten as follows: 


Us XX, uf l, X,X, 


U =U, +h = =U,|1+ 
Lanne Werle EU) 139 
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As shown in (11.34) a new variable U; has been introduced. It is in fact the 
STATCOM terminal voltage if STATCOM is out of operation (is not connected to 
the system, i.e. Zo = 0). Equation (11.35) describes the fact that Jy is shifted by 90° 
with regard to U; ( “U, / U” being a unit phasor in Us direction). This can be 
proved in the following way. Let us suppose that STATCOM is not represented 
by a reactive current source but with its operating point reactance Xgrarcom. Then 
in (11.34) J, should be replaced by the term Ustarcom / (J Xsrarcom ). Now (11.34) 
can be transformed into the form Usrarcom K = Us. Thus K is a scalar quantity, 
Uszarcom and Us have the same phase and Jy is perpendicular to both, the terminal 
voltage phasor Usratcom as well as Us. 

The corresponding voltage phasor diagram is presented in Figure 11.7b. 
According to this diagram, applying sine law, the following two equation can be 
written: 


SS e a (11.37) 


U, |U,-U,]| U, -u, X, U, 
oe +X,) 
from which the sine of a can be calculated: 
: U. sin(ô) X, 
sin(a) = — oO (11.38) 


U(X, +X,) 


The transmitted power can (taking (11.20) and (11.38) into consideration) be 
calculated from: 


P = P, = P = Lara sin(a) = UU sin(5) Usrarcom (11.39) 
A X, Xx, + Xx, U; 


Considering (11.36), this equation can be rewritten as: 


| Ig XX, 

U,1+ 2 int 

p- UU sinô) U, (X, + X,)) _ UU sin), Ta XX 
(x, +X,) U; (x, +X,) U, (X, +X) 


(11.40) 
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Thus (note: U, is the reference phasor therefore U, = U,, U,= U, 4) 


U,X,+U,X,|_ Ju? x? +U, X? +2U,U, X, X, cos(ô) 
X, +X, ( ) í 


U, =|Us|= X, +X, 


(11.41) 


finally the transmission characteristic is described by the following equation: 


i RX,X. 
P =P, p- Vasl) O Taa 
(x,+X,) | JUX? +UŻX? +W,U,X,X,c0s(6) 
(11.42) 


From this equation it is evident that the rise in transmission characteristic is in 
direct proportion to the STATCOM current. The question regarding the location 
can be answered by applying the same procedure as in Section 11.3.4. X, and X, 
should in (11.42) be replaced in accordance with (11.26). Then the derivative of 
this expression is set to 0 and finally Xkarıo is calculated. The expressions are 
quite comprehensive and detailed explanation is out of scope of this work. It 
should only be noted that Xg4no is dependent on system terminal voltages U, and 
U, as well as on transmission angle. In case the terminal voltages in question are 
equal to each other, Xgano equals to 1 and thus in this case the most efficient 
STATCOM location is the electrical middle of the system. 

The group of transmission characteristics for STATCOM being located in the 
middle of the system is shown in Figure 11.8a. It can be noted that there appears 
to be some kind of dualism with SSSC. The form of transmission characteristics is 
similar as in SSSC case, however STATCOM characteristics are a “mirror” 
picture of those in SSSC case. Also here the ratio between the system terminal 
voltage magnitudes affects the transmission characteristics (especially in the area 
of transmission angles around 180°), although their product remains constant. Let 
the same assumptions be applied as in Section 11.3.3 i.e. U,/U, = Unio, UU, = 1, 
U, = (Unto), Uz = 1/(U pis)”. Changes of the transmission characteristic with 
U stio Variation is illustrated in Figure 11.8b. 
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a) b) 


Figure 11.8 Model of the transmission system with STATCOM (a) Transmission 
characteristics (b) Impact of the system terminal voltage ratio on transmission 
characteristics 


11.3.6 Power transmission control using phase shifting transformer 
(PST) 


The term Phase Shifting Transformers (PST) denotes devices which, from the 
system point of view, have the ability to introduce a phase shift between terminal 
voltage phasors more or less independently of throughput current. If losses in the 
devices (active and reactive) are neglected then PSTs do not produce nor consume 
active and reactive power (PST power is balanced). They can, among others, be 
modelled as a combination of a series injected voltage source U, and a parallel 
connected current source Jr [11, 14, 15, 16]. The J, magnitude and phase as well 
as Ur phase are determined the system parameters and the type of PST, which any 
model should take account of. In terms of their basic structure various PST types 
may be realised. For practical application two types are most interesting i.e. the so 
called Phase Angle Regulator (PAR) and Quadrature Boosting Transformer 
(QBT). Regarding their impact on power flow PAR and QBT may differ 
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considerably and will therefore be discussed separately. The model of the system 
with PST included is presented in Figure 11.9a. 


PAR-phasor diagram QBT-phasor diagram 


< 


Ce) 
maj Upst2 


Figure 11.9 Model of the transmission system with PST (a) Network scheme (b) 
PAR phasor diagram (c) QBT phasor diagram 


11.3.6.1 Phase angle regulator (PAR) 


The PAR is a type of PST, which, due to its structure, has the ability to separate 
the phase of its terminal voltage phasors without changing their magnitude (do not 
forget: losses are not taken into consideration). The PAR phasor diagram is 
presented in Figure 11.9b. The controllable PAR parameter may be assumed to be 
the terminal voltage phasor separation i.e. the angle a. According to basic 
relations the following equations can be written: 


Upsr =U, -LjX, (11.43) 
Upsr =Ursnie™, (11.44) 
Ust ie U, 


I, =1,¢" ny (11.45) 
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As already mentioned PST powers are balanced therefore PAR input and 
output powers are equal i.e. Upsr” = Upsr". From this relation it is easy to 
prove that the phasors J, and J, are shifted by the same angle a as the PAR 
terminal voltages, their magnitudes being equal — equation (11.45). From (11.45), 
considering both previous equations, it is not hard to calculate J, and consequently 
I, as follows: 


4) EASAC -U,e*)=>1, “Gruen Bs) (11.46) 
2 1 tA, 


Considering again U; as a reference phasor (U, = U,), the transmitted power 
can be determined as follows: 


P =P, = P=ReU, 1, )=U,Rel, J= ugi e+a) (11.47) 


Evidently PAR shifts the “basic” Lon characteristic (œ = 0) for 
transmission angle æ in the “d direction” without changing its form. 


11.3.6.2 Quadrature boosting transformer (QBT) 


Like PAR, QBT also separates its terminal voltage phasors but the injected 
voltage U; phase is fixed with regard to the input voltage phasor Upsr; i.e. U; is 
perpendicular to Ups7;. The QBT phasor diagram is presented in Figure 11.9c. As 
in the PAR case, the controllable PAR parameter here may be assumed to be the 
terminal voltage phasor separation i.e. the angle a. The test system is described 
with the following equations: 


Upsr =U, -jX (11.48) 

Una Unne" ; 

—PST2 ~ =—PSTI cos (a) (1 1 49) 

I, =e" waje om Es (11.50) 
jx, 


Equation (11.50) is, as in PAR case, derived from balanced PST power 
conditions i.e. Upsrdı* = Upsrol.*. Now J, and J, can be calculated. 
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nopi -u,e%|= 
( X, +Y ) cos(a) 


2 cos(a) 
CR (11.51) 


-j ‘al -U, cos(a)) 


Ly fgg ee T 
X 1 
E + X, cos(a) 


In the same way as in PAR case transmitted power can be calculated 
R =P, =P= ReU, 1," )= U, Re(,')= UV, 

x 
( +X, coxa) 


cos(a) 


sin(5 +a) 


(11.52) 
From the equations, describing transmission characteristics of the system 
model with the two PST types included ((11.47) for PAR and (11.52) for QBT), 
the following can be observed: 


e PAR location has under these assumptions no impact on transmission 
characteristics, 

e QBT location influences transmission characteristics essentially, 
PAR is a “symmetrical” device, 
QBT is a “nonsymmetrical” device. 


A device is denoted as “symmetrical” when transmission characteristics do not 
depend on orientation (how the PST terminals are connected to the system — 
Figure 11.9a) and as “nonsymmetrical” in the opposite case. The equations 
(11.47) and (11.52) describing PAR and QBT transmission characteristics 
respectively have been derived taking “orientation 1” into consideration. If they 
are valid for “orientation 2” too, then the system in Figure 11.9a should be 
reversed, i.e. U, should be replaced with U}, X; with X,, ô with -d, and a with -a. 
If those replacements are done, then in the case of a “symmetrical” device the 
transmission characteristics remain unchanged (power flows in the opposite 
direction to the model, and therefore it takes a negative sign). Of course for a 
“nonsymmetrical” device this is not the case. 

A set of the test system transmission characteristics with PAR included is, for 
various a, shown in Figure 11.10a (only positive region). In Figure 11.10b 
transmission characteristics are presented for QBT positioned in the middle of the 
system (in this particular case orientation does not play any role). Figures 11.10c 
and 11.10d represent transmission characteristics (only positive region) when 
QBT is positioned at the grid terminals, for both orientations. 
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(d) 


Figure 11.10 PAR and QBT transmission characteristics (a) Transmission 
characteristics ~ PAR (b) Transmission characteristics — QBT in the electrical 
middle of the system (c) Transmission characteristics — OBTat grid, orientation I 
(d) Transmission characteristics — QBTat grid, orientation 2 


11.3.7 Power transmission control using unified power flow 
controller (UPFC) 


UPFC is considered a universal tool for power flow control because it has an 
ability to simultaneously and independently control all three system parameters 
which affect power flow, i.e. transmission angle, terminal voltage and system 
reactance [17]. According to its impact on the system it might be modelled as a 
combination of a series voltage source, an active and a reactive current source 
[18]. The scheme is presented in Figure 11.1la. According to their structure 
UPFCs resemble PSTs, however, when active and reactive losses are neglected, 
their apparent power is not balanced. The injected voltage phasor U, can have any 
phase with regard to its throughput current (/, or J, — depending on orientation — 
c.f. Figure 11.11a). The active power inserted into the system via U; is balanced 
by the current source /;. Here Jy represents a reactive current source and is 
independent of U;. Its presence might be considered as identical to a STATCOM 
(not taking dimensioning of the UPFC into consideration), the impact of which on 
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transmission characteristics has already been discussed. The UPFC controllable 
parameters are thus: Uy magnitude Ur, U; phase øy and current J, magnitude Ig. 
The system presented in Figure 11.11a can be described with the following set of 
equations: 


Uvra =U) -hj (11.53) 

U urre: = Guprcr tUr (11.54) 
U -U 

L =-= = = -h-I (11.55) 

O ay 


where (do not forget: injected active power is balanced by J; i.e. Re(U; ,*) = 
Uvrrci Z7“): 


ReU. I, 
1, = Rea) (11.56) 


U vrci 

By splitting all complex quantities into their real and imaginary parts and by 
replacing Jg with a parallel susceptance, from (11.55) it is possible to determine 
currents J, and J, as functions of system parameters and UPFC controllable 
parameters [18]. Then it is easy to calculate the transmitted power. However, the 
derivation, as well as the result (described in [19]) are quite long and are out of 
scope of this work. On the other hand, for a special case when UPFC is positioned 
at the system terminal, it is quite easy to determine the transmission 
characteristics. According to Figure 11.11a the reactance X, is taken out and X, is 
replaced with X. For this case the phasor diagram presented in Figure 11.11b is 
valid. It is obvious that in this case transmitted power can be expressed as: 


Uy 


P=P, = P= = WEED sin(5 +a) (11.57) 


where with a little trigonometry Upp.) and a can be obtained 


Ur sin(g, - -ô) 
U’ +U,” +2U,U,¢ 5 @=arc 
Uvrrcz = =y os, -ô U +U, codo, 8) Pe do, A 5) 


(11.58) 

In the sense of effective transient stability enhancement, the UPFC 
controllable parameters should be determined so as to achieve maximum impact 
on transmission characteristics. In general the “optimal” UPFC parameters can be 
determined from the following system of equations: 


FG 20-20 11.59 
óp ly aU, ay 
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X, Uoo Wore X U, 10. 


b) c) 
UPFC at system terminal - UPFC at system terminal - 
phasor diagram phasor diagram - g,=90° 


Figure 11.11 Model of the transmission system with UPFC (a) Network scheme. 
(b) Phasor diagram — UPFC at the generator terminals (c) Phasor diagram — 
UPFC at the generator terminals, “optimal” pr 


Calculations have shown that the system does not have a solution and that 
maximum impact on transmission characteristics is achieved if Uy and Jq are set to 
their maximum values determined by the device rating [19]. If the UPFC is 
located at the system terminals, optimal gy, can be calculated from the first 
equation of the set (11.59). In our simple case optimal ø; can be analytically 
calculated and equals + 90°. For this case the phasor diagram presented in Figure 
11.11¢ can be drawn. According to this diagram it can be concluded that: 


sin(a) = PA cos(a) = 4Ui+U;sin@) (11.60) 
UPFC2 Uuprce 


Now from (11.57) it is not to hard to calculate the “optimal” transmission 
characteristic 


Rel ae) sin(5)+ oes 
X 


P=P,=P 
1542 Y 


(11.61) 


470 Flexible ac transmission systems 


A positive sign in (11.60) and (11.61) is valid for maximum transmitted power 
and a negative sign for minimum transmitted power. As shown, the “power 
transfer benefit” with UPFC included is constant, i.e. it is possible to shift 
transmission characteristics “up and down”. The family of “optimal” transmission 
characteristics (only positive region) is presented in Figure 11.12. A negative sign 
of Ur denotes minimum transmitted power. It is mathematically the same if U; is 
rotated 180° or the sign of Ur is changed. 


Figure 11.12 “Optimal” UPFC transmission characteristics 


From numerical calculations with UPFC “inside” the system (not at the system 
terminal) the following conclusions could be drawn (but have not been 
analytically proved yet). 


e If Jg is set to 0, then the “optimal” transmission characteristics are, 
regardless of their position and orientation, the same as if UPFC were 
positioned at the system terminal as long as the system terminal voltages 
U, and U, are equal (characteristics in Figure 11.12 are valid). In this 
case “optimal” ør depends on UPFC location and transmission angle ô. 
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e If terminal voltages are not equal, “optimal” transmission characteristics 
depend on UPFC location. “Optimal” ør depends on location and 
transmission angle. Calculations have shown that UPFC impact on 
transmitted power is larger if it is positioned near the node with the lower 
voltage. 


If UPFC is not positioned at the system terminals J, impacts transmission 
characteristics as though a STATCOM were present. Its effect can be considered 
as additional to that of UPFC with /,=0. From the previous section it is known 
that, in the case where the system terminal voltages are equal, optimal STATCOM 
location is in the middle of the system. Keeping in mind that, under these 
circumstances, location of a UPFC with Jg=0 does not play any role, optimal 
UPFC location is also the middle of the system. 


11.4 Control of FACTS devices for transient stability 
improvement 


As already noted, the main method of extending the transient stability margin by 
the insertion of FACTS devices, is to modify the system transmission 
characteristic so as to extend the rotor-decelerating-area (area A, in Figure 11.2). 
In order to make the most of applied FACTS devices, they should be controlled so 
as to assure maximisation of the rotor-decelerating-area at a given device rating 
i.e. at a given region of possible controllable parameters of a device. In this way 
the necessary FACTS device rating to assure transient stability of a system will be 
minimised. The considerations described in Section 11.3 will serve as a basis for 
determination of the control strategy of FACTS devices during the transient 
period. Although the FACTS devices considered in Chapter 11 differ essentially 
from each other in structure, in the electric parameters they influence, as well as in 
their impact on system power transfer the main features of control actions during 
transient periods will be the same and are described in the following Section 
11.4.1. Specific control features of various devices are described in the subsequent 
chapters. 


11.4.1 General consideration of FACTS devices control strategy 


The main points of the control strategy of FACTS devices, that may be fulfilled 
during the transient period, are listed below. For a hypothetical example the 
possible contro! actions are described in order to illustrate the goals in question. 


1. System should maintain stability after a major disturbance. This is 
actually the main goal to be achieved and all other goals considered in 
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Chapter 11 are of a subordinate importance. In terms of the equal-area 
criterion, transmission characteristics should during the ist swing, after a 
fault is cleared, be “raised” as high as possible with a FACTS device of a 
given rating (i.e. given area of possible controllable parameters). In Figure 
11.13 a typical general case is demonstrated. Let us, for the reader’s 
convenience, assume the FACTS device has only three possible controllable 
parameter values i.e. “PAR1”, “PAR2” and “0” (FACTS device in neutral 
position, i.e. no influence on power transfer), The system transmission 
characteristics for those parameters are presented in the figure. The system 
operating point in the instance of a fault is the point “0”. Under assumptions 
from Section 11.2.2, in the instance of a fault the operating point “jumps” to 
“1” and during the fault “travels” toward “2” where the fault is cleared. At 
this moment the controllable parameter should be “PARI” in order for the 
operating point to “jump” to “3”. Now the operating point should be kept on 
the “highest” of the transmission characteristics. In sense of this, at the point 
“4” the controllable parameter should change from “PAR1” to “0” at “S” 
from “0” to “PAR2” and at “6” from “PAR2” to “0”. Let “7” be the Ist swing 
limit. “8” represents a theoretical stability limit. If the operating point crosses 
this point the system is not stable. 


o 90 180 Sfdeg] 


Figure 11.13 Demonstration of the general FACTS devices control strategy 
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The system should not persevere near the maximum of the ist swing. The 
phenomena of the generator rotor persevering near the Ist swing could be 
considered acceptable in a two-machine system. On a more practical system, 
containing many machines, the interaction of machines swinging with 
different periods could well cause instability. Now, the question is, how to 
control the FACTS device after reaching the 1st swing limit “7”. The worst 
action would be a “jump” in the “PAR1” characteristic. This would cause the 
rotor to be further accelerated and consequently synchronism would be lost. 
If the operating point should move from the area of large transmission angles 
quickly, the decelerating power should be at its maximum at the beginning of 
the rotor back-swing. Therefore the FACTS controllable parameter should 
remain “0” and changes to “PAR2” at “6”. 

The rotor back swing should be small. In this way the subsequent swings 
can be effectively damped, and the whole transient phenomena in general is 
smoother. Consequently the components in the system are subject to less 
stress. In terms of the equal-area criterion the decelerating area i.e. the area 
between P,, and the operating point trajectory should be small. However, this 
requirement contradicts the previous one, therefore a certain compromise has 
to be found. Let us say: on its “way back”, as it reaches point “9”, it jumps to 
“PARI” characteristic (point 10). Then it remains with this characteristic 
until point “11” is reached. From there it may follow the “PAR2” 
characteristic until the back swing limit is reached at point “12”. 

Subsequent oscillations should be effectively damped. In a system that is 
transiently stable then, after a disturbance, generator rotors oscillate around 
their equilibrium points. These oscillations are more or less damped and 
might in a system with low damping persist for a long times, which is 
undesirable. Therefore FACTS devices, which are used for transient stability 
reasons, may be applied also for damping of the subsequent swings (rotor 
swings after the 1st swing). Ratings for FACTS devices which would assure 
systems to be transiently stable would normally be quite high compared to 
those ones which are used to assure oscillatory stability of the systems. 
Therefore damping of subsequent swings should normally not be a problem 
although an “optimal” damping control is not applied. Although the problem 
of oscillation damping is beyond the scope of this section, for readers 
convenience a brief insight is provided. In the case presented (Figure 11.13), 
it is dealt with by “bang-bang” control as we have only three possible states 
(“PAR1”, “PAR2” and “0”). Let us assume the point “12” is positioned 
“behind” “0”. Then, in order to achieve effective damping, during the 2nd 
swing forward movement, at the proper moment, e.g. at “13”, a jump to “14” 
is made. In the theoretical case “13” should be chosen so that the 2nd swing 
accelerating energy (area between “12” to “13” and Pm) is balanced by the 
decelerating energy accumulated in the rotating masses between “14” and 
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Chapter 12 


Protection for EHV transmission lines 
with FACTS devices 


Q.Y. Xuan, Y.H. Song, and A.T. Johns 


12.1 Introduction 


In recent years, because of energy, environmental, and regulatory concerns, the 
growth of electric power transmission facilities has been restricted. The result can be 
a transmission bottleneck, under utilisation and/or uncontrolled use of facilities. 
These difficulties have hastened the development of flexible ac transmission systems 
(FACTS) techniques to obtain increased utilisation and control of existing 
transmission systems by using power electronic devices. However, the employment 
of FACTS devices has a profound impact on the operation of other equipment in the 
system, such as protection. Adamik et al. [1] identified the protection requirement 
for flexible ac transmission systems and pointed out its importance. For example, 
controllable series compensation (CSC) as one of the main FACTS techniques has 
the ability to direct and control power flow by changing the firing angle. However, 
this causes problems for conventional distance protection schemes [2, 3] because the 
application of the CSC technique often causes rapid changes in the apparent 
impedance measured. Figure 12.1 illustrates the impedance characteristics of the 
CSC circuit. It is clear that with the changing of firing angle, the reactance of the 
CSC varies from Inductive to Capacitive. Furthermore, the complex variation of the 
line impedance is accentuated as the Capacitor protection device operates 
nonlinearly under fault conditions. Figure 12.2 gives a typical nonlinear 
characteristic of a ZnO resistor in a Capacitor protection device. Under fault 
conditions, the voltage across the Capacitor is kept below the protected level. Also, 
the parameters of the bypass filter used to damp Subsynchronous Resonance (SSR) 
and harmonics have an effect on the apparent impedance measured. In this respect, 
some adaptive protection schemes [3, 4] have been proposed for such systems. 

The majority of power system protection techniques are involved in defining 
the system state through identifying the pattern of the associated voltage and 
current waveforms. This means that the development of adaptive protection can be 
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essentially treated as a problem of pattern classification/recognition. However, due to 
the many possible causes of faults and the nonlinear operation of some power system 
devices, conventional pattern recognition methods may not be satisfactory in 
applications involving complex transmission lines. Successful applications of neural 
networks in the area of power engineering have demonstrated that they can be 
employed as an alternative method for solving certain long-standing problems where 
conventional techniques have experienced difficulties. In the context of protection, 
neural networks have been applied to (i) the recognition of high impedance faults in 
distribution feeders; (ii) fault identification in AC/DC transmission systems; (iii) 
accurate fault location in transmission lines; (iv) transformer protection; (v) adaptive 
autoreclosure; (vi) fault classification and directional discrimination for protection 
for EHV transmission lines and (v) protection for series compensated transmission 
lines. More encouragingly, some of the techniques have been hardware prototyped 
and installed on actual systems to evaluate their performance under service 
conditions. 
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Figure 12.1 Impedance characteristics of the controllable part of CSC system 


Very little work has been done on the design and development of protection 
for CSC systems and this chapter therefore describes a novel protection scheme 
which employs an artificial neural network method that extracts features in a 
certain frequency range under fault conditions. This is different from conventional 
schemes which are based on deriving implicit mathematical equations by complex 
filtering techniques. In this chapter, the results of a digital simulation for a CSC 
transmission system are presented, and the feature extraction and topology of 
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suitable ANNs is discussed. The chapter concludes with presentation of the 
overall performance of the protection scheme. 


MOV voltage 


MOV current 


Figure 12.2 Voltage and current characteristics of a ZnO varistor in the capacitor 
protection device of CSC system 
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Figure 12.3 Block diagram of the proposed protection scheme 


12.2 Artificial neural network based protection scheme 


Figure 12.3 illustrates the functional parts of a digital protective relay. The first part 
is concerned with fault detection and classification and the second part is for fault 
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location. From the point view of artificial neural network (ANN) convergence, the 
fault type is an issue of "type determination", but the fault location needs to be 
determined with an emphasis on high accuracy. Hence, the two variables (fault type 
and fault location) cannot be employed as outputs in one multi-layer network. The 
reason is that the same ANN which is used to solve distinctly different problems 
cannot converge. Therefore, the protection scheme is composed of two artificial 
neural networks (ANNI, ANN2) and a final logical comparison to produce a trip 
signal. This means that the fault types will be detected first by ANN1 and the second 
network (ANN2) is used to detect the fault location. 


Ci 


generator transformer infinite 


system 


Figure 12.4 The system studied 


12.3 Generation of training and testing data 


12.3.1 Digital simulation of faulted systems 


Owing to a lack of field data, digital simulation using the Electromagnetic Transient 
Program (EMTP) is used to generate the sample data required to set up the 
training/testing data for the neural networks. The 500 kV 60 Hz power system, 
which is illustrated in Figure 12.4, is used for the study of controllable series 
compensated transmission systems. It is a modified version of the widely used IEEE 
benchmark system for series compensation studies [5], which consists of a generator, 
a transformer, circuit breakers, capacitors and their protection components, a 380 km 
transmission line, and an assumed infinite source. The system parameters are: 

X=179 pu. X 0.169 pu. A" =A0.135 pu. X17) pu. X,=0.228 pu. 
X" 70.200 p.u. 1'4,=4.3 s T4,=0.032 s Ty=0.85 s 7",,=0.05s Ry=0.01 p.u. X;=0.14 
p.u. X,;=0.50 p.u. and R,=0.02 p.u. There are two capacitors: one is a fixed capacitor 
C, which provides 26% compensation and the other is a controllable capacitor C, 
which provides variable compensation starting from 10%. All the equipment 
components, including coupling capacitor voltage transformer (CVT) and current 
transformer (CT) models, are modelled using the Electromagnetic Transient 
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Program (EMTP). The transducers that have an effect on the primary waveforms are 
necessarily considered before training the ANN, because the CVT has a low-pass 
filtering characteristic. A detailed description of the digital simulation can be found 
in reference (6, 7]. Figures 12.5 and 12.6 show the results of a simulation of an a- 
phase-to-b-phase-to-ground fault occurring at the middle of the line when the firing 
angle is 165°. Three phase voltages at busbar end S1 and three phase line currents 
are shown in Figures 12.5 and 12.6 respectively. It is obvious that when the fault 
occurs, the faulted phase voltages suddenly collapse and the faulted phase currents 
increase. 


voltage,V 


T1-fault inception time 
0.56 0.58 0.60 0.62 0.64 
time,s 
Figure 12.5 a-b-phase-to-ground fault occurring at the middle of the line showing 
three-phase voltages at sending end busbar 


current A 


T1-fault inception time 


0.56 0.58 0.60 062 0.64 
time,s 
Figure 12.6 a-b-phase-to-ground fault occurring at the middle of the line showing 
three-phase line currents 


12.3.2 Input selection of the neural networks 


The application of a pattern classification requires a selection of features that contain 
the information needed to distinguish between classes and which permit efficient 
computation to limit the amount. of training data and the size of the network 
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required. For reasons of simplicity and availability of measuring elements of 
conventional protection, only the line voltages on the bus side of the CSC, the line 
currents, and firing angle are employed as input signals. The firing angle (or any 
equivalent) is used to enable the controlled compensation degree to be 
approximated. 

In general, when a fault occurs on a transmission line, DC offset, fundamental 
frequency and non-fundamental frequency components are produced. It has been 
shown that the components change as the fault position and fault type etc. vary. 
Figure 12.7 expresses the spectra of a-phase voltages (two cycle window after 
fault inception) for different fault types. It is important to note that different faults 
produce different non-power Hz frequency components. Figure 12.8 shows the 
spectra of a-phase voltages for an a-phase-to-b-phase fault but at different fault 
locations (60%, 80% and 100% of the line). It is evident that the non-fundamental 
frequency changes as the fault position varies. Furthermore, the spectral variation 

- of the signal is affected by the fault inception angle. 
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Figure 12.7 Spectra for faulted voltages under different types of fault 


Since an ANN has multi-input parallel processing ability, the data window 
length is also a major factor which needs to be considered. The pattern space is 
essentially the domain which is defined by the discretization of measured data 
observing the specific system and its dimensions must necessarily reflect that fact. 
However, the sampling rate is dependent on the feature space. Theoretically, a 
long data window can produce more selective frequency response characteristics, 
but, in general, a fast trip signal is needed, and it follows that a short data window 
which reduces the size of the ANN is required. The appropriate data window 
length must meet both of these requirements and an extensive series of studies has 
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revealed that a data window of 4 samples at 960 samples/sec is necessary and 
sufficient because the dominant non-fundamental frequency components 
generated by faults are below 500Hz [8]. This sampling rate is compatible with 
these sampling rates commonly used in digital relays. 
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_ Figure 12.8 Spectra for faulted voltages under different fault locations 


Therefore, the three phase voltages and line currents sampled at 16 samples 
can be used as the input signals to ANN1. The moving data window contains 4 
samples and at each moving takes one new sample in. For simplicity, the firing 
angle a is used as an input to indicate the degree of series compensation. In 
practice, the controlled impedance, which can be easily obtained from the output 
of the CSC controller, can be used as an equivalent signal [1]. 

The training and test patterns are generated by sampling the simulation data 
from the EMTP. In order to cover the typical scenario of interest, various 
conditions are simulated, which include the effect of variations in: (i) source 
parameters, (ii) fault location, (iii) fault inception angle, (iv) prefault loading, (v) 
fault resistance and (vi) fault types. There are over 5000 patterns generated by the 
EMTP, some of which have been used for training and some for testing and 
performance evaluation. 


12.4 Artificial neural network 1 (ANN1) for fault type and 
directional detection 


12.4.1 Network structure and training 


A total of 25 signals comprising of 24 sampled voltages and currents plus the firing 
angle have been employed as inputs to the neural networks. The outputs of ANN1 
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consist of A, B, C (a, b, c three phase operation states), G (connected ground state) 
and D (fault direction). Any of the A, B and C approaching to | expresses a fault in 
that phase. If G approaches 1, it indicates that the fault is connected to ground. A 
value of D approaching 0 means that the fault occurs in the reverse direction, and 
ANN2 is then blocked. Conversely, if output D approaches 1 the fault is taken as 
occurring forward of the measuring point. Thus for example, the data A B C GD = 
100 1 0 represents an a-phase-to-ground fault in the reverse direction, whereas 0 1 
1 0 1 represents a b-phase-to-c phase fault clear of ground in the forward direction. 

Since the ANNI is designed for detection of fault type and direction, the 
network which is trained should test the fault data under many fault cases. 
Examples of 2000 fault cases were used to train ANN1. These comprised the 10 
basic fault types that appeared at a number of forward and reverse fault locations 
for a large number of system operating conditions including variations in source 
capacity, fault resistance, fault inception angle and CSC firing angles. 

As discussed above, there are 25 inputs and five outputs. The selection of the 
number of layers and the number of neurons required in each layer of ANNs are 
open issues and must consequently, be determined by experimentation involving 
training and testing different network configurations. The process is terminated 
when a suitable network with a satisfactory performance is established. In this 
study, one hidden layer with 12, 14, and 16 hidden neurons was first considered. It 
was found that a network with 14 hidden neurons, had an acceptable performance 
which converged in a shortest time when a Hyperbolic tangent transfer function, 
which has a better convergence performance than the commonly used sigmoidal 
function, is used. The sampled voltages and currents were scaled to have a 
maximum value of +1 and a minimum value of -1. The learning factor, which 
controls the rate of convergence and stability, was first chosen to be 0.5 and was 
gradually reduced to 0.01. The optimum momentum factor, which is added to 
speed up the training and avoid local minima, was found to be 0.4 and the training 
process was repeated until the root mean square (RMS) error between the actual 
output and the desired output reached an acceptable value of 0.01. 


12.4.2 Test results 


Validation data for fault cases which are different from those used for training was 
used to test the effectiveness of the ANNI. All the test results show that the ANNI 
designed is suitable for the determination of fault types and their direction. Table 
12.1 summarizes the misclassification rate of the 3000 test cases in terms of four 
types of fault when using one moving window output and using two of three 
consecutive window outputs respectively. It can be seen that the error rates vary with 
the type of fault when one moving window output was used and there is only a very 
small misclassification rate when two of three consecutive window outputs were 
used. 
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Table 12.1 Misclassification rate for ANNI 


Phase-to- Three Average 
phase-to- phase 
ground faults faults 
Misotasgitieation | 97786 3.12% 6.19% 1.85% 3.63% 
rate (using one 
window output) 
cs 


rate (using three 
12.5 Artificial neural network 2 (ANN2) for fault location 


consecutive 
window outputs) 


12.5.1 Network structure and training 


As will be seen in section 12.6, the outputs of ANN1 activate ANN2, which in turn 
is trained by data for known fault conditions. The input signals to ANN2 are selected 
to be sampled voltages, currents, and firing angle. The outputs of the ANN2 are 
composed of M and L which confirms the fault state and indicates the fault position 
respectively. Output M approaching 1 indicates that there is a fault on the line and 
fault location will be simultaneously given by L which expresses the percentage of 
the line length at which it occurs. 

With the inputs to ANN2 consisting of only the sampled phase voltages and 
currents and the firing angle, the network performance was found not to reach the 
required accuracy. Extensive investigation revealed that by expanding the input 
space from 3 dimensions (v, i, a) to 5 dimensions (v, Vv’, i, i”, a), greatly enhanced 
the convergence speed and accuracy of ANN2. By experimental training, ANN2 
with 16 hidden neurons was found to posses the best performance. The final 
network designed for fault location has 49 inputs and 16 hidden neurons and 2 
outputs. 


12.5.2 Test results 


A large number of tests were performed, all of which are documented in detail in ref 
[2]. The analyses of the actual ANN2 output L for 3000 test data indicate that 
maximum error is 8.4%, minimum error is 0.21% and the overall average error is 
5.01% when using the average value L of two consecutive window outputs. 
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12.6 Overall performance evaluation 


The two neural networks ANN1 and ANN2 were extensively tested separately and 
were then embedded into the structure shown in Figure 12.3 to evaluate the overall 
performance and determine the necessary decision logic. After an extensive series of 
investigations, the decision logic shown in Fig. 12.9 was developed. 

In order to ensure that the fault type and directional detection by ANN] is fast 
and correct, three consecutive outputs from ANNI were found to be needed and 
sufficient. The decision can be safely made if the outputs of at least two four- 
sample windows exceed the specified threshold of 0.9. Thus the number of 
samples required to determine fault type and direction is 6. 
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Figure 12.9 Decision logic for fault classification and location (zone-1) 


Since the responsibility for the protection devices of a power system is defined 
in terms of zones of protection, the protection devices in the first zone must be 
designed to operate only for faults occurring in this zone. The setting value of the 
protection device operation in zone-1 is commonly 80% of the line length and in 
order to meet the reliability requirement of the relay, studies show that the average 
of two consecutive outputs is needed when the output L is less than 75% and the 
average of two additional consecutive outputs is required when the output is 
bigger than 80%. Thus a minimum of 2 windows and a maximum of 4 windows, 
as shown in Fig. 12.9, is required for fault location. 

The overall number of samples required for the scheme is seen to be 8 or 10. 
With the sampling rate of 16 samples per cycle, 10 samples correspond to 10.42 
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milliseconds. The actual trip time is of course the sum of the time required to 
complete all the signal processing and computation which is approximately 10 to 
12 milliseconds. As a guide to the typical performance evaluation, Figure 12.10 
summarised the response for an "a"-phase-to-ground on the test system of Figure 
12.4 under a number of conditions. It can be seen that the minimum operating 
time for zone-1 extends to typically 75% of the line length and it then takes a 
longer time from 75% to 80% so as to maintain the accuracy and security. An 
extensive evaluation in ref [2] indicates that the proposed technique works a well 
for a wide range of system and fault conditions. The results are very encouraging 


in both speed and security. ANN? output 
utpu 


ANN1 


at least two 
Of three consecutive 


go back to signal 
Preprocessing unit 


no tripping and tripping 
go to zone-2 signal 


Figure 12.10 Operating time for a-phase-to-ground faults 


12.7 Conclusions 


A novel protection scheme for CSC EHV transmission systems has been presented 
in this chapter. In particular, the feature extraction, sampling rate, data window 
length and training and testing of the ANNs are developed and described in detail. 
The main idea of the protection scheme is to employ ANNs to capture and analyze 
the salient features of the faulted voltages and currents. This is different from 
conventional schemes which are based on deriving implicit mathematical equations 
involving complex filtering techniques. The trained neural networks have been fully 
tested and the overall performance of the proposed protection scheme has been 
extensively evaluated to determine the effects of various factors, such as different 
fault types, positions, resistances, inception angles, firing angles, source capacities, 
and load angles. All the test results demonstrate that the proposed protection scheme 
is, in particular, suitable for application to CSC transmission systems. However, it is 
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now necessary to fully evaluate the proposed technique, using field test data from 
practical systems. 

Research has also been directed to the development of protection for systems 
with other embedded FACTS devices such as UPFC [10]. 
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Chapter 13 


FACTS development and applications 


Yasuji Sekine and Toshiyuki Hayashi 


13.1 Introduction 


Japan’s electric power system was established in parallel with industrial and 
economic development, thereby resulting in highly reliable, high quality systems. 
This power system incorporates nine individual power systems which are 
interconnected by 500kV AC trunk lines, 50/60Hz frequency converter (FC) 
stations and +250kV HVDC link. The interconnection capacity between the three 
eastern power systems which operate at 50Hz and the six central/western power 
systems which operate at 60Hz will be increased to 1.2GW when the Higashi- 
Shimizu 300MW-125kV FC comes on line in 2001. With this, the Minami- 
Fukumitsu 300MW-125kV BTB began interconnection between the Chubu 
Electric Power System and the Hokuriku Power System in 1998, and the Kii- 
Channel HVDC system with a 50km long submarine cable will interconnect the 
Kansai Power System and the Shikoku Power System with 1400MW-+250 kV in 
2000 in the first stage, and 2300MW-+250kV in the second stage. 

These interconnected power systems are mainly composed of radial systems 
and partially looped systems. The stable operation of these interconnected systems 
is supported by the precise coordination of protection systems, power system 
stabilization systems and interconnection splitting systems. Moreover, effective 
analysis of power system dynamics with several types of hypothetical faults on 
principal power system operating conditions is indispensable for power system 
coordination. 

The major power system stabilization schemes such as the quick response 
generator exciter with power system stabilizer (PSS), the stabilizing damping 
resister (SDR) and the system stabilizing controller (SSC) have been developed 
and put into practical use. Also, in accordance with the development of semi- 
conductor devices, measures to enhance the power system performance using 
power electronics technologies such as the static var compensator (SVC) are now 
expected to play important roles in power system stabilization. 
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Fundamentally, the HVDC systems also provide a stabilizing function to 
mitigate interactions between interconnected power systems by disallowing the 
fault conditions of one system to adversely affect another. 

The need to improve the power system performance of interconnected systems 
becomes more pressing in the future because the deregulation of the power utility 
industry tends to cause more difficult technical problems. Uncertainty of power 
flow with open marketing of generations and consumers is apt to cause unstable 
operation through a lack of effective analysis of power system dynamics or 
ancillary facilities of the power systems. 

The application of power electronics technologies such as FACTS and the 
HVDC system for power system performance enhancement will resolve the issues 
to secure a stable operation of open access power systems. 
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Figure 13.1 Development of self-extinguished devices 


13.2 Development status of semi-conductor devices 


The remarkable development of self-extinguished semi-conductor devices is 
shown in Figure 13.1. The development of the gate turn-off thyristor (GTO), the 
insulated gate bipolar transistor (IGBT), and the static induction (SI) thyristor, 
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have promoted the application of the self-commutated (SC) converter to the motor 
drive systems in railway vehicles and iron mills. Using AC motors in place of DC 
motors makes it possible to save energy and reduce machine maintenance work. 

The rating of GTO with n-p-n-p structure has reached the level of 6kV peak 
forward blocking voltage and 6kA controllable current by applying ion injunction 
to unify impurity distribution and anode-shorted structure to make it easier to 
extinguish the anode current. To reduce the on-state voltage drop, ‘n+’ buffer 
layer is introduced to ‘n’ base of the GTO to mitigate the electric field. While the 
turn-off time of a conventional GTO can only be controlled by carrier life time 
and segment width, a new type GTO, named the ‘gate commutation turn-off 
thyristor’ (GCT), with a turn-off time one tenth that of a conventional unit, is 
developed by ABB and Mitsubishi Electric Co. 


Table 13.1 Recent characteristics of GTO, IGBT and SI Thyristor 
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Table 13.2 SC converters for power system application 


Power quality New energy conversion 
[AF | ors | PV” [| BES? | FC) | Fike | Imbalance | 


acity 50~1000 several 10 10~750 several 10 |~200, 13,000 16~40,000 
(kVA) ~1400 ~1000 11,800 ~27,000 
Voltage 200/400, = |200/400(AC) }100~430 |1000(DC) |100~240, 3000(DC) |2000(DC) 
(V) 6600(AC) (DC) 2400(DC) 
SC 
(~6kHz) (low input (constant (1~2kHz) (390,540Hz) |(180~SO0Hz) 
Harmonics; 
cap, 
1) Photo Voltaic generation now in operation 2) Battery Energy Storage of experimental use 


IGBT IGBT GTO IGBT/ MOSFET/ GTO GTO 
Converter |module/ module/ GTO IGBT,GTO {2sextuple {3 sextuple 
parallel parallel Quadruple {1S-6P,1S-1P {1S-1P 3S-1P 
harmonics) Įdc voltage) 
Snubber Negative seq. 
80~% com- regeneration |compensation 
120~150% 
3) Fuel Cell generation 
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As an IGBT is a compounded device of bipolar transistor with p-n-p structure 
and MOSFET with n-p-n, it provides high-speed carrier discharge characteristics. 
However, its disadvantage is that it is difficult to increase the peak forward 
blocking voltage without increasing the on-state voltage drop and thus decreasing 
the high-speed carrier discharge characteristics. The injection enhanced gate 
transistor (IEGT) developed by the Toshiba Co. allows increasing the peak 
forward blocking voltage with a low on-state voltage drop and high speed carrier 
discharge by applying the electron injunction enhancement to the trench type gate. 

The SI thyristor has the same structure as a GTO but different gate 
characteristics. It is operated normally in off-state by applying a positive voltage 
to the gate, and in on-state by removing the gate voltage. Even though the turn-off 
and turn-on times are respectively one tenth that of a GTO, and 4.5kV peak 
forward blocking voltage devices are developed, only small controllable current 
devices have so far been developed because of the narrow segment width. The 
characteristics of the SI thyristor have been improved by compounding it with 
MOSFET and adding a ‘p-‘ layer so that it is operated normally in the on-state. In 
addition, controllable current is increased by applying electron irradiation and by 
optimization of impurity distribution. 

Table 13.1 shows the recent typical characteristic data of the GTO, IGBT and 
SI thyristor. 


13.3 Development of high performance SC converter 


13.3.1 Application status of SC converter 


The SC converter has been utilized to improve power quality in such systems as 
uninterrupted power sources (UPS), active filters (AF), and power converters for 
new energy resources. Also it is employed in SVC to compensate voltage flicker 
and voltage unbalance in the small capacity and low voltage distribution system. 
To improve power system stability, we need larger capacity and higher voltage SC 
converters with enhanced reliability and reduced operation loss. 

SC converters utilized in the power system, as shown in Table 13.2, are quite 
different in their types and ratings. Small rating IGBT is mainly applied to small 
capacity high speed switching SC converters used for power quality improvement. 
On the other hand, large capacity higher voltage GTO is used for the SC converter 
applied to battery energy storage (BES), fuel cell (FC) energy conversion, and the 
SVC to compensate system voltage disturbances at distribution substations. To 
reduce the harmonics flowing into an interconnected power system, double, triple 
or sextuple connection of single or a three-phase converter with PWM control is 
adopted. 
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SVCs with SC converters as shown in Table 13.3 for power system 
stabilization, were developed by the Kansai Electric Power Co. (KEPCO) at 
Inuyama substation and by Tokyo Electric Power Co. (TEPCO) at the Shin- 
Shinano Substation. The series connection of the GTO in converter arms and the 
multiphase shifting connection or multiple cascading connection of converters are 
adopted to increase converter voltage and to reduce the harmonic voltage of 
outputs. 


13.3.2 High performance SC converter 


To utilize the SC converter in trunk power systems particularly for stability 
improvement of interconnected power system and for voltage stability mitigation 
of power wheeling system, it is necessary to develop high performance SC 
converters with larger capacities and higher voltages together with the necessary 
higher reliability and efficiency. In the R&D joint project for interconnection 
reinforcement with MITI subsidy, CRIEPI and ten electric power companies 
started in 1992 the development of a high performance SC converter. 

The designing technologies of high performance SC converter have been 
developed by establishing ‘elemental models’, of which features are characterized 
by: 

(1) Multiple series connection of GTOs for higher DC voltages. 

(2) Gate power supply from anode-cathode voltage to reduce the number of 
converter elements. 

(3) Regenerating the energy of snubber circuits and anode reactors to reduce the 
switching loss of converters. 
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Figure 13.2 High performance SC converter for verification test 


Table 13.3 Development of SC-SVC 
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Table 13.4 Designing technologies for high performance SC converter 
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Verification tests of these technologies applied to 37.5MW SC converters as 
shown in Figure 13.2 are being implemented in the Shin-Shinano Substation. 
They will be continued until 2000 followed by application of the results to the 
construction of a 300MW SC converter. 

To establish multiple series connection technologies of GTOs, the turn-off 
timing adjusting circuit to suppress the unbalanced voltage of series elements was 
developed. The test results by ‘elemental model’ composed of 16 elements of 
4.5kV-3000A GTOs showed that the imbalance ratio of each element can be 
suppressed to less than 10% of the turn-off peak voltages in the variation of turn- 
off timing less than 0.1 micro-second. Calculations with the assumption of the 
dispersion of element characteristics showed that up to 30 elements can be 
connected in series. 

As the light direct triggered GTO has not yet been developed, it is necessary 
that the turn-on and turn-off energies are supplied through an insulated 
transformer from the controller base. If the energies are supplied from the anode- 
cathode voltage of the GTO itself and only turn-on and turn-off signals are 
transmitted from the controller, the GTO module would become more simplified 
and reliable. The ‘elemental model’ composed of 16 elements whose gate energies 
were supplied from anode-cathode voltage was developed to verify that adequate 
energy can be supplied until 0.1 second after the shut down of the DC main 
voltage. 

The energy loss of the SC converter is larger than that of the line commutated 
(LC) converter because the switching loss caused by turn-on and turn-off 
according to PWM control is added to the loss caused by forward voltage drop 
which is almost the same as the LC converter. To reduce this switching loss which 
depends on the frequency of the PWM and the value of the snubber capacity and 
the anode reactor, a regeneration circuit is integrated into the main converter 
circuit. The ‘elemental model’ tests showed that almost 75% of switching loss can 
be recovered to the main DC circuit, representing an average of 3% increase in 
converter efficiency. 

The results from development of ‘elemental models’ are summarized in Table 
13.4. 


13.3.3 Verification test of SC converter in actual field 


Based on the technological results developed by ‘elemental models’ shown in 
Table 13.4, verification tests of SC converters are now being carried out at the 
Shin-Shinano Substation aiming at establishing the utilization technologies of the 
SC converter. More precisely, the aims of these tests are threefold; to verify the 
effectiveness of design technologies by exposing to actual system disturbances, to 
certify the reliability of facilities through long term operation, and to confirm the 
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control schemes including the control system for the multi-terminal SC-HVDC 
system. 

The verification test system in the field is composed of three terminal SC 
converters which can be tested individually as SC-SVC, combined with two 
terminals as SC-BTB or SC-HVDC system, together with three terminals as a 
multi-terminal SC-HVDC system. 

The test items listed in Table 13.5 are composed of fundamental tests and 
operation tests. Fundamental tests are composed of the start and stop of individual 
and/or combined terminals, change of active power, reactive power or voltage 
preferences, and switching on and off of shunt capacitors, reactors and 
transformer. Operation tests are to certify the stable operation and the reliability of 
SC converters under AC line faults, or various operating conditions experienced 
in those intervals. Many analytical studies were carried out using the power 
system simulator and a digital simulation program with related power system 
models. 


Table 13.5 Field verification tests for SC converter 


|__| Operation mode | Test items  _ | 


Fundamental tests * SVC * Charging DC capacitor 
* BTB * Start-Stop 

* Multi-terminal |* Changing references of P,Q,V 
(including power reverse) 

* On-off nearby AC equipment 
* Start-Stop 
* Changing references of P,Q,V 
(including power reverse) 

* On-off nearby AC equipment 
* Cutting off a terminal 


Operational tests 


13.4 Application of power electronics equipment for power 
system performance enhancement 


Power electronics technologies such as SVC with LC converters have been 
utilized to compensate system voltage fluctuation at low voltage level, to improve 
voltage stability in power wheeling systems, and to stabilize interconnected power 
systems at higher voltage levels. Power electronics technologies have also been 
applied to various types of generator exciters to improve the stability, as well as to 
variable speed machines (VSM) to control power system frequency. 
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13.4.1 Improvement of voltage stability by SVC 


Voltage stability in trunk power system wheeling to large capacity consumer areas 
is seen as liable to cause wide area black-outs due to disturbances such as 
transmission line trip or high speed consumption power change. This voltage 
stability can be illustrated using the so-called ‘P-V nose curve’ at a substation 
feeding to consumers. 

If the P-V characteristics as shown in Figure 13.3 are sensitive to line faults or 
change of shunt elements, the operating point of terminal voltage moves from pre- 
fault point ‘A’ to post-fault point ‘D’ through points ‘B’, ‘C’ during the fault. The 
terminal voltage at point ‘D’ are going to decline following curve c. Applying 
SVC composed with a thyristor controlled reactor (TCR) and constant capacitor to 
the substation, the voltage moves to point ‘D" recovering to point ‘A’ following 
curve c'. 


Constant P 


Power 
Source Transmission Line y 


a pre-fault 


b: during fault 
c: after fault 


Terminal Voltage (V) 


Load Power (P) PO 
Figure 13.3 P-V characteristics and voltage stability 


Since the voltage stability indices, which can be defined as marginal load 
power at each node to the spearhead of the nose curve shown in Figure 13.4, have 
different values at each node, it is extremely laborious to calculate indices of all 
nodes using the conventional power flow calculation method. CRIEPI has 
developed a new and convenient calculation method for the index of each node. 
Assuming that the load power at node ‘n’ becomes ‘h’ times as large as the current 
load S,, the voltage change V,=XxV,, can be obtained by the following equation; 

hS,= V,xconj {( Vom V,)x Y, at +Sno 

=(Xx Vo) xconj {(1-X)V nX Yn? +Sno 
where Sa and V,, are the load power and voltage at each node, respectively. 

Y, is the equivalent admittance at node ‘n’ including shunt elements which can 
be defined by power flow calculation of the original system. 
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Figure 13.4 Calculation of voltage stability indices 


The voltage stability index at node ‘n’ defined as P,,.=(AP,o-Pro)/Pac=(h-1)/h is the 
value of ‘h’ wherein the above described equation has multiple solutions as the 
load power increases and reaches the spearhead of the nose curve. 

Several sets of SVC were introduced to improve the voltage stability of the 
power wheeling system after a large-scale outage of TEPCO’s western area in 
1987. To clarify the effect of SVC to voltage stability, verification studies using 
the ‘AC/DC Power System Simulator’ at CRIEPI representing the power system 
model with the SVC were carried out with the aid of the voltage stability index as 
described. 


13.4.2 Power system stabilization by SVC 


As the interconnected power systems may fall into instability due to interactions 
between constituent power systems, precise analysis considering the condition of 
generators, transmission lines and power flows is required to increase the 
transmission capability. The tripping of transmission lines and generators may 
particularly cause drastic changes in the power system conditions and accelerate 
poor damping oscillation due to the interactions of constituent power systems as 
experienced in many power systems in the world. 

To suppress this type of poor damping oscillation, an optimal selection method 
for PSS constants of each generator exciter was developed based on eigenvalue 
analysis. This method was applied to study the effect of SVC on power system 
stability. The dominant eigenvalues and eigenvectors are analyzed using an 
interconnected system model which represents the western/central region of Japan 
as shown in Figure 13.5. 

The low frequency oscillation of about 0.3 Hz caused by the interaction 
between the western/central power systems can be suppressed by PSS constants 
optimization using the following procedures; 


530 Flexible ac transmission systems 


(1) Evaluation function; f=Sxexp(k,x/,), where ‘l’ is eigenvalue and ‘k,’ is 
coefficient. 
(2) Sensitivity analysis; d//da=Sxk,x(dl,/da)xexp(k,x/,), where ‘a’ is PSS 
constants parameter. 
(3) Maximum gradient method is applied to minimize ‘f. 

The comparison of damping coefficients with and without optimization is 
shown in Figure 13.6. 
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Figure 13.5 Interconnected power system model for analysis 
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Figure 13.6 Damping coefficients with and without PSS optimization 
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The damping control of SVCs as applied to the interconnected power system 
model also can be optimized by the same procedures. The results given in Figure 
13.7 show that the SVC installed at the sending end is effective for improving 
oscillation damping. The SVC installed at the receiving end is also effective for 
optimized damping control. 


Schematic Diagram of SVC 


AC Filter 


Damping Coefficient of Interconnected System 


Installation Site | without SYC SYC with 
Damping Cntrl 
(Weem | oo | ooa | o9 | 


between Westem 
and Central ” 
Conen . | e. | os | oo | 


Figure 13.7 Damping coefficients with and without SVC 


13.4.3 Power system frequency control by VSM 


The exciter of synchronous machines has been improved to have a fast response 
time and to ease maintenance work by using thyristor converters. Replacement of 
a DC machine exciter by a thyristor exciter can stabilize generator operation with 
the PSS. In addition, use of a brushless exciter with an AC machine whose output 
voltage is rectified by a thyristor converter for supplying the field current makes it 
possible to ease the machine maintenance work. 

In the variable speed machine, the conventional DC field winding is replaced 
by the three phase winding which induces a rotating flux facing the induced 
rotating flux of armature windings. It can control the output electrical power P(%,) 
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independent of the input mechanical torque ‘T’ by using the converter which 

supplies the field current. 

P(@,)= 0,xT+P(@,) 

where ‘P(w,)’ is the output power of converter, ‘w,’, ‘w, are the rotating speeds 

of fluxes induced by stator and converter, and ‘a,’, is the rotating speed of rotor. 
As the converter of VSM is required to be able to change the power, the 

relation @,=@,+@, is kept in the region from w,=0 at synchronous speed to w, =w,- 

œ, at asynchronous operation. 


Power System Rotating Speed 
{Frequency 


Rotor (Field Windings) 


Figure 13.8 Schematic diagram of VSM 


It is necessary for the pumping generator to be able to change output power 
with constant rotor or shaft speed in order to control the power system frequency. 
Moreover flywheel power storage, the rotating speeds of which is higher than the 
system frequency in the charged condition and lower in the discharged condition 
can be operated at rotating speeds different from the system frequency. 
Application examples of the VSM to pumping generator and flywheel power 
storage in Japan are shown in Table 13.6. 

Cycloconverters are usually adopted for the converter of VSM as a standard 
means to supply low frequency power from the power system. In recent years, the 
SC converter as shown in Figure 13.9 has been applied to a pumping generator 
under the following design restrictions. 

(1) The rectifier is able to take power reversing operation mode corresponding to 
the operation of the main SC converter supplying the field current whereas it 
reverses the power when ‘œw, is lower than ‘a,’. 

(2) In case the SC converter is adopted to the rectifier, its current rating should be 
large enough not to trip the SC converter at the AC system faults. 

(3) It is necessary that the main SC converter can continuously yield output power 
at zero frequency, or DC power. 
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(4) The over-voltage in case of power rejection due to the control and protection 


of the exciter should be suppressed. 
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to Power System 


SC Converter 


DC Capacitor 


Figure 13.9 SC converter for VSM 


13.5 Development of FACTS control schemes with power system 
model 


The enhancement measures for power system performance applying power 
electronics technologies, so-called FACTS, are promising means for reinforcing 
the transmission capability. The influence of FACTS technologies on the future 
power system in Japan and the benefits they have for utilizing the existing power 
system to the maximum under the new circumstances of electric power 
deregulation and electric power costs reduction should be studied. Subsidized by 
MITI, research to establish FACTS control schemes and analytical methods 
required for the application of FACTS technologies to future power systems in 
Japan has been carried out jointly by CRIEPI and ten electric power companies. 


13.5.1 Selection of power system model 


Power systems in Japan are basically composed of radial interconnected power 
systems in the western and central regions and a looped power system in the 
eastern region. These power systems are modified as shown in Figure 13.10. 
They have the following features. 

(1) The power flow of the radial system model is basically from system 1 to 
systems 4 and 6. As the increase of this power flow is liable to cause low 
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frequency oscillation, an increased transmission capability to 3GW from system 1 
to systems 4 and 6 will make it possible to postpone the construction of new 
transmission lines. 

(2) As the generator capacity of the looped system model is difficult to allocate in 
system 6, it is necessary to reinforce the power system to move 3GW of 
generation from system 6 to system 2. 


Radial system model 


System 1 
G=18 5GW 
L=145GW 


Looped system model 


Figure 13.10 Interconnected power system models for evaluation 


To make clear the multi-functional effects of FACTS technologies such as 
generator stability and voltage stability improvement, two model systems are set 
up. One is called the ‘long distance transmission system from remote generator’ 
model and the other is the ‘power supply system to large consumers’ model. 


Table 13.7 Development and research status of FACTS equipment 


Thyristor controlled Thyristor controlled phase Self-commutated SVC 
series capacitor (TCSC) shifter (UPFC) 


aT |New! | 


BPA; Actual field test, WAPA; Analysis of KEPCO; Actual field test, 
Slatt S.S. actual system Inuyama S.S. 
(500kV,202 MVA) e AEP; Actual field test, (154kV,80MVA) 
WAPA; Actual field test, Inez S.S. e TEPCO; actual field test, 
Kayenta S.S. (138kV,160 MVA) Shin-Shinano S.S. 
(275kV,330MVA) e EDF; Proto-type model (275kV,50MVA) 

R.D. joint project for (S00kV,7MVA e TVA; Actual field test, 
interconnection reinforce- je R.D. joint project for Sullivan S.S. 

ment interconnection reinforce- (275kV, SOOMVA) 


ment e R.D. joint project for inte- 


connection reinforcement 


SULBISAS UOISSIUSUD.} ID 31G1XA}+4 OES 


Table 13.8 Evaluation results of power system reinforcement measures 


—a Radial system model Looped system model 


Reinforcement measures crease T.C. to Multi. [Total |Move 3GW gen. Total 
3GW (Capacity) _}func. (Capacity) 


Quick response (3,000 MW)* 


exciter with PSS 


SVC (1,800 MVA) 
Power (1,500 MVA) (1,200 MVA) 
electronics TCSC ( 600 MVA) (1,000 MVA) 
measures UPFC | (1,100 MVA) (650 MVA) 


VSM with F.W. | (1,200 MVA) 


* Generator capacity; valuable;| less valuable 
Evaluation of increase T. C. and Move Gen. are based on cost evaluation of equipment capacity 
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13.5.2 Evaluation of transmission capability reinforcement 


The results of R & D work on FACTS technologies have been applied to an actual 
system after verification tests in an actual power system as shown in Table 13.7. 

To clarify the effects of FACTS equipment for increased transmission 
capability in the above described power system models, digital simulation for the 
faults of transmission lines in the power system models was carried out to 
determine the required equipment capacity. The ‘Power System Dynamics 
Analysis Program (Y Method)’ developed by CRIEPI was used for this purpose, 
including both FACTS equipment and conventional power system reinforcement 
measures. 

The evaluation of FACTS equipment in each of the two power system models 
as described in Section 13.5.1 has been made in terms of required capacity and 
cost of each set of equipment as shown in Table 13.8. SC-SVC and TCSC are 
valuable for the increase of transmission capability in the radial power system 
model, in comparison with the more expensive UPFC. Moreover, SC-SVC , 
TCSC and UPFC are almost equally effective for the looped power system model. 

Furthermore, each measure is almost equally valuable for multi-functional 
evaluation on the stabilization of the ‘long distance transmission system from 
remote generator’, or the voltage stability mitigation in the ‘power supply system 
to large consumers’, 

On the whole, SC-SVC, TCSC, and UPFC are valuable for the reinforcement 
of transmission capability in both power system models except UPFC in the radial 
power system model. 


13.5.3 Verification test using APSA (Advanced Power System 
Analyser) 


As the control characteristics of FACTS equipment affect the transmission 
capability such as power system stability and voltage stability, it is necessary to 
study the subjects not only from the standpoints of application to the future power 
system in Japan, but also for the development of future FACTS equipment. 
Verification tests were carried out using 3-27VA 50Vac miniature models 
developed for the analysis by ‘APSA’ at the Kansai Electric Power Co. The test 
results are shown in Table 13.9. together with power system models and FACTS 
equipment models. 
(1) The prospect for utilization of FACTS equipment is shown by the operational 
characteristics confirmation test of miniature models on ‘APSA’, such as the 
stable operation of SC-SVC, the impedance controllability of TCSC, and the fast 
restart function of UPFC in an AC line fault. 


Table 13.9 Verification test results using 'APSA' 


mission system from {*Improvement of T.S. 
remote generators *Improvement of D.S. .S. *Improvement of D.S. by 
damping & braking control 


ae 
to large consumers trip or load increase ee eee 
Radial power system  {*Required cap.: 1S00MVA *Required cap.;600MA 

*Damping of LFO *Effect of damping & braking control ea 


Looped power system |*Required cap.: 900~1200MVA |*Required cap.: JOOOMVA *Required cap.: 650MVA 
*Damping of LFO *Effect of damping & braking control|*Effect of damping & 
| = ji ~ $- __|braking control l 


*Minimum loss operation ‘| [same as left] *Optimum operation of 

“Active filter function *SSR mitigation series & parallel conv. 

*Rational design by over current | [same as left] *Short circuit detection 

suppress (same as left] 

Subjects for *High performance control with |*Stable APPS system *High performance control 

sevelopment less pulse numbers *Impedance detection with less pulse numbers 
*High performance converter |*Elements (Arrester, Bypass Switch) |*High performance converter 


T.S.; Transient Stability, D.S.; Dynamic Stability, LFO; Low Frequency Oscillation 
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(2) Improvement of stability in the ‘long distance transmission system from 
remote generator’ model by each equipment, suppression of oscillation in the 
interconnected power system by damping control, and the mitigation of voltage 
stability in the ‘power supply system to large consumers’ model are clarified. 

(3) The study using ‘APSA’ gives almost the same results as the “Y Method’ as 
regards the capacities required for increasing the transmission capability in the 
radial and looped system. 

The subjects for application to future power systems and further development of 
FACTS equipment are also clarified as shown in Table 13.9. 


13.6 Digital simulation program for FACTS analysis 


To analyze the effect of FACTS equipment, a digital simulation program with SC- 
SVC, TCSC and UPFC based on the ‘Y Method’ was developed. In this program, 
the quantities such as P, Q, V are expressed by root mean square values. In 
addition, the dynamic characteristics of generators, HVDC systems, and loads are 
calculated by numeric integration with control and protection means. The 
symmetrical coordinate method was applied in the network equation. 

With the dynamic characteristics of SC-SVC and UPFC based on the 
dynamics of the SC converter, the model for SC converter was developed taking 
into account the control and protection means. The dynamics of TSCS were the 
same as the conventional SVC except that the connection in the former is in series 
to line while the latter is between line to ground. Therefore it is very easy to 
derive the model of TCSC from that of SVC. 


13.6.1 Modelling of SC converter 


The SC converter typically configured with quadruple three phase bridge 
converters with nine pulse PWM control is shown in Figure 13.11. The 
fundamental component of output AC voltage ‘V, can be obtained by multiplying 
DC voltage ‘V,,’ by constant coefficient ‘k’ and modulation ratio ‘m’. The 
fundamental AC current ‘I’ can be calculated taking into account the difference of 
output AC voltage ‘V,’ and terminal AC voltage ‘V, together with tranformer 
reactance. 

The d-g axis currents can be independently controlled, (named ‘independent 
vector control’) with the following d-q axis relation of AC side values; 

Vic Viat@Lxi,+Lxdl,/dt 

Vog=Voq-OLxTj+Lxdl,fat 
where V&V at) Vog VaV nat) Vang and J=1,+jI, 
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The terms ‘LxdJ,/d#? and ‘LxdI,/dt’ are so small as compared with fundamental 
components that these can be ignored. The current controllers of SC converter are 
simplified as shown in Figure 13.12. 


SC Converter 


dc Ydc 


Converter ¥ oltage; Y c=k*m*Y de 
DC Curent, Idc=k*!I 


PWM Carrier 


TLLTLTEEEELTEETL IS: 
PISSISTSSSSEL LT S- 


Figure 13.11 Schematic diagram of SC converter 


Power Network n Yn 


Figure 13.12 Block diagram of SC converter model 


To connect with the symmetrical coordinate equation of the network, the 
converter voltages ‘V’ and ‘V,,’ are transformed to the current sources ‘Sag and 
“leq injected to the network. The iteration at node ‘n’ is proceeded to adjust the 
node injection currents to current sources by the following equations; 

Network equation; [/,]=[Y,]*[V,] 

Node iteration; V,(i+1)=V,()+ e x {LD} => [,(i+1)=Y,xV,(i+1) 
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where ‘i’ is the iteration number, and ‘e’ is a convergence acceleration constant. 

The dynamics of the SC converter regulators whose outputs correspond to 
“Tart and ‘Iyer in Figure 13.12 are calculated by time step numerical integration 
method together with the dynamics of DC capacitance by solving /,,=-CxdV,/dt 
with Ia =kx]I. 


13.6.2 Modelling of FACTS equipment 


The main regulator AVR of SC-SVC in Figure 13.13, controls ‘V; to keep the 
terminal voltage ‘V,’ constant by adjusting ‘Zye. The supplemental damping 
control applied to the reference signal of AVR increases the damping of 
oscillation in power system. The detailed regulator model can be simulated by the 
‘Y Method’, in which current limiter and over-current protection are precisely 
simulated. 


Power System Vector Diagram 
Ve 
wL*iq 
Yn 
Vref Iq 
Figure 13.13 Schematic diagram of SC-SVC 
Yu 4V3 Yp Vector Diagram 
‘ I Paralell conv. Series conv. 
NN Vp 


Converter 
Controller 


Converter 
Controller 


Protection / 
System Regulator 


Figure 13.14 Schematic diagram of UPFC 
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The parallel converter controller in UPFC as shown in Figure 13.14, is 
basically the same as that of SC-SVC. The controller of a series converter makes it 
possible for it to function as a phase shifter to control the power flow thus 
improving power system stability. Supplemental controls are also added to each 
regulator to damp or brake the power system oscillation. The series converter has 
to be provided with a special protection scheme to prevent open circuiting of the 
series transformer in abnormal converter operation. 

As the TCSC simply shown in Figure 13.15 is obtained by connecting SVC in 
series to the transmission line, the thyristor controlled reactor TCR is represented 
by a current source to combine the network equations as follows; 

Network equation; [/,]=[Y,]*(Va], Un] i mE] 

Node iteration; V,(i+1)=V,(i)+ ex {hath} => KYN (i+) 
Vi+1)= Vat Ex U mÒ} => la(i+1)=Y, m* Valit) 

where ‘i’ is iteration number, and ‘e’ is convergence acceleration constant. 

The equivalent current source ‘/,,’ can be calculated using the TCR control 
angle ‘B as defined by the dynamics of the controller as well as terminal voltages 
‘V,’ and ‘V,,’, that is Laf Vn Vin» A 

The simulation model for TCSC is also shown in Figure 13.15 


Schmatic Diagram Simulation Model for TCSC 
Yn Y=WC ¥m 


Controller 


Figure 13.15 Schematic diagram and simulation model of TCSC 


13.7 Conclusion 


This chapter reviews the status of power electronics technologies including the 
development of semiconductor devices for power application, the development of 
high performance SC converters, and research on FACTS equipment for power 
system enhancement. Remarkable progress in this field will be useful not only for 
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improving the transmission capability of trunk power systems but also to serve for 
upgrading the distribution systems through the improvement of power quality. 

Amidst the business environments such as the deregulation of electric power 
utilities, global environmental restrictions and energy security for electric power 
resources, electric power utilities in Japan are facing many social and technical 
problems. The utilization of power electronics technologies is indispensable for 
reducing the cost of electric power, for enhancement of transmission capability to 
adapt to free power wheeling, and for preventing wide area black-out due to 
inadequate coordination of power system planning and operation. It is also 
indispensable for the improvement of power quality for meeting higher demand as 
imposed by the expanded use of upgraded information equipment. 

The authors expect that the new power electronics devices such as the GCT 
and IEGT will be used for more advanced SC converters, and that the results from 
R&D joint projects for interconnection reinforcement in Japan will be useful for 
developing better power systems in the future. 
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Chapter 14 


Application of power electronics to the 
distribution system 


N. Jenkins 


14.1 Introduction 


The concept of Flexible AC Transmission Systems (FACTS), as the name 
implies, was originally developed for transmission networks but similar ideas are 
now starting to be applied in distribution systems. However, when considering the 
use of high power electronics on the distribution network it is important to 
recognise another strand of technology development which comes from 
Uninterruptable Power Supplies (UPS), large variable speed machine drives and 
Active Filters. Thus, the new high power electronic systems now being applied to 
distribution systems owe something to the ideas described in earlier chapters of 
this book but also use concepts and techniques developed for power electronic 
systems with lower voltage and current ratings. In both cases, voltage source 
converters are used as the main component of the systems but the implementation 
and control of the converters differs considerably [1]. 

Transmission level FACTS equipment presently uses GTO thyristors as the 
switching elements due to the high voltage and current ratings of the devices 
which are available. These are generally switched only rather slowly in order to 
reduce losses; either at fundamental frequency or using a limited number of 
notches to give selective harmonic elimination. Generation of harmonics is limited 
by multi-level topology of the inverter or by using various winding arrangements 
of the connecting transformers. In contrast, the emerging distribution level 
equipment generally uses IGBTs as the switching element with some form of 
Pulse Width Modulation (PWM) switching pattern. The lower order harmonics 
are eliminated by the PWM switching and so a simple six-pulse, two-level bridge 
may be used. A further advantage of the use of PWM is that the variable pulse 
pattern allows the magnitude of the fundamental of the output waveform of the 
converter to be controlled independently of the voltage of the capacitor energy 
store. Presently available IGBT converters for distribution use are rated at 1-2 
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MVA but can be connected in parallel to give overall system ratings of up to 10 
MVA. CIGRE has adopted the term Custom Power for such systems. 

To date, the main applications for power electronics on the distribution system 
have been to improve two aspects of power quality: voltage dips or sags and 
harmonic distortion. These applications are of commercial interest when it is 
possible to identify a customer who will benefit from improved power quality 
either through a reduction in the sags experienced or by limiting the harmonic 
currents injected and thus complying with the utility requirements. Then a 
commercial case may be made for the introduction of the power electronic 
equipment. It is commercially more difficult to justify equipment for general 
wide-area improvement of power quality throughout the distribution network as 
most non-industrial customers do not suffer a readily measurable financial loss 
caused by poor power quality. One important application has been to protect 
manufacturing plants of high value products (e.g. semiconductor plants or paper 
mills) from the effect of voltage sags which disrupt the continuous manufacturing 
process. A series connected converter may be used, as a so-called Dynamic 
Voltage Restorer (DVR), to add a voltage vector to that of the network. This 
solution has been adopted at a paper mill in Scotland where a 4 MVA DVR has 
been used to protect an 8 MVA adjustable speed drive [2]. Alternatively a shunt 
connected STATCOM may be used to inject reactive power. A STATCOM will 
provide general voltage support to the distribution network and, if this is not 
desired, a solid state switch can also be used to isolate the load and STATCOM 
for the duration of the sag. 

Limited voltage sags may be compensated either by injection of reactive 
current or by using the small amount of energy stored in the capacitor of the 
converter. Single phase sags may be compensated by drawing power from the 
healthy phases. However, improvement of voltage during sustained 3-phase sags 
requires a larger energy store and for some applications it may be economic 
simply to increase the size of the capacitor bank. Alternative larger energy storage 
systems including batteries, flywheels and Superconducting Magnetic Energy 
Storage (SMES) are all in the early stages of commercial application or under 
development for this purpose. 

Voltage sags are caused by faults on the power system but some loads also 
cause dynamic voltage changes, usually referred to as “flicker” due to their effect 
on incandescent lights. This is a common feature of arc-furnaces and traditionally 
either passive devices or conventional thyristor based Static VAr Compensators 
have been used to inject reactive power to stabilise the voltage. A STATCOM 
may also be used for this application if it is commercially attractive but rapid 
control is required as the human eye is most sensitive to variations in light 
occurring every 60 ms. A 2 MVA STATCOM has been installed at a saw mill in 
Canada to control flicker caused by large induction motors driving wood cutting 
machinery. The STATCOM was operated in a voltage control mode and had a 
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sub-cycle response time. Test results reported are that the magnitude of the 
voltage variations on the 25 kV supply was halved. 

Many loads draw non-sinusoidal current and this can lead to unacceptable 
levels of voltage distortion. Distribution utilities apply limits either to the 
harmonic current which may be injected or to the resulting harmonic voltages on 
the network. If these limits are exceeded then permission for the connection of the 
Joad is refused. If the load equipment cannot be modified economically to draw 
sinusoidal current then a power electronic Active Filter may be used to correct the 
current drawn from the network. The commercial use of active filters is well 
advanced in Japan and it is reported that some 500 shunt active filters have been 
put into service mainly for harmonic compensation although some are also used 
for reactive power compensation [3]. Table 14.1 summarises the shunt active 
filters in practical applications in Japan. 


Table 14.1 Shunt active filters in commercial service in Japan [3]. ©1996 IEEE 


Objective eee Fe, Applications 
eee Be 


Harmonic 50 kVA-2000 kVA | IGBTs diode/thyristor 
compensation with rectifiers and 
or without cycloconverters 
reactive/negative for industrial 
sequence current loads 
compensation 


Voltage flicker 5 MVA-50 MVA GTO thyristors | arc furnaces 
compensation 


Voltage regulation | 40 MVA-60 MVA | GTO thyristors | Sinkansen (the 
Japanese 
a “bullet” trains) 


An emerging application of power electronics on the distribution system is to 
interface embedded or dispersed generation plant. At present there is little 
generation connected to distribution networks but this is likely to increase as 
renewable energy, combined heat and power and distributed energy storage 
become more commercially significant. Many of the prime-mover systems e.g. 
fuel cells, photovoltaic systems, micro-turbines and variable speed wind energy 
converters do not directly produce 3-phase 50 Hz output and so power electronic 
equipment is required to interface them to the network. For most applications the 
network side converter is again based on a voltage source bridge. Fixed speed 
wind turbines must use induction generators and there has been one application of 


Application of power electronics to the distribution system 549 


a STATCOM to provide dynamic reactive compensation for a 24 MW wind farm 
in Denmark [4]. 

One interesting recent development has been the use of voltage source 
converters for small-scale HVDC [5]. A 3 MW, +/- 10 kV plant has been put into 
operation in Sweden and further units are planned. Series connected IGBTs are 
used in a six-pulse, two-level bridge with a PWM switching pattern. It is reported 
that tests have shown that it is possible to operate into receiving end networks 
having no rotating machines. The use of small-scale HVDC has obvious 
possibilities not only for reinforcing the distribution network and supplying 
isolated loads but also to allow the collection of power from renewable energy 
sources which may be remote from centres of load and existing ac distribution 
circuits. 

The use of a distribution STATCOM to increase the capacity of voltage 
limited rural distribution circuits has also been proposed [6] and is likely to be 
cost-effective for increasing the load or distance served by some circuits, perhaps 
on a temporary basis using relocatable equipment. An important limitation, noted 
by the study, is that the use of a STATCOM for voltage support of a feeder has 
little effect on losses and so for a circuit with a high load factor increasing the 
voltage level may be the preferable long term solution. A more comprehensive 
feasibility study of the use of distribution STATCOMs on a US public utility 
system is described in [7]. This considered a number of potential benefits: 


Improvement of power quality 

Reduction of voltage transients due to capacitor switching 

Reduction in harmonic distortion 

Increase in maximum loadability (particularly of induction motor loads) 
Improvement in long term voltage/VAr management 

Co-ordination with other control devices for voltage profile improvement 


The general conclusions were that, for the case studied, there were significant 
potential benefits in terms of: improvement of power quality, increase in 
maximum loadability and improvement in long term voltage/VAr management. 


14.2 Improvement of customer power quality 


14.2.1 Customer power quality 


In recent years, customers have become increasingly concerned over the quality of 
the electrical power, or more precisely the quality of the voltage waveform, which 
they receive. Much modern industrial load equipment uses sophisticated electronic 
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controllers which are sensitive to poor voltage quality and will shut down if the 
supply voltage is depressed and may mal-operate in other ways if harmonic 
distortion of the supply voltage is excessive. Perversely, much of this modern load 
equipment itself uses electronic switching devices which then can contribute to 
poor network voltage quality. The introduction of competition into electrical 
energy supply has created greater commercial awareness of the issues of power 
quality while equipment is now readily available to measure the quality of the 
voltage waveform and so quantify the problem. 

Power quality is used to describe a wide-range of deviations of the voltage 
wave-form from a continuous sine-wave of the appropriate magnitude [8]. These 
include: 


1) Voltage sags or dips. The terms sag and dip are used interchangeably with sag 
being a term used in North America while the European standards (IEC) use the 
term dip. A sag or dip is a decrease to between 0.1-0.9 pu in the rms voltage (at 
the power frequency) of less than 1 minute. If the voltage falls to less than 0.1 pu 
then this is considered to be an interruption rather than a dip. 

2) Voltage swell. A voltage swell is an increase of between 1.1-1.8 pu in the rms 
voltage for less than 1 minute. 

3) Voltage imbalance. The extent of unbalance between phases may either be 
expressed as a voltage imbalance factor [9] or by the ratio of negative phase 
sequence voltage to positive phase sequence voltage. 

4) Voltage harmonics and inter-harmonics. Harmonic distortion is measured by 
considering harmonic frequencies at integer multiples of the fundamental while 
inter-harmonics refers to the intermediate frequencies. Waveform notching due to 
semi-conductor device switching may be considered separately. 

5) Voltage flicker refers to rapid variations in the voltage which, if applied to 
incandescent lights, are detected by the human eye and cause annoyance. Thus 
“flicker” refers to the effect rather than the cause which is rapid transient 
variations of voltage magnitude. 


Large generators produce a close to perfect sinusoidal voltage and so the 
reduced power quality seen by a customer is caused either by distorting loads 
connected to the system or by the transmission and distribution networks. Figure 
14.1 shows the origin of some of the main power quality problems. A particular 
load will see voltage sags and swells which are usually caused by faults on the 
transmission or distribution networks although some sags may also be caused by 
switching of large loads. Harmonic distortion and phase unbalance are created to 
some extent simply by the operation of transmission and distribution plant but are 
also caused by the cumulative effect of a very large number of small (e.g. 
domestic) customer loads and so appear as a network problem. In contrast, 
particular loads can produce harmonic or unbalanced current, draw excessive 
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reactive power or draw rapidly varying active and reactive power to cause flicker 
and so are shown as imposing a power quality problem on to the network. 


Voltage sags 
Voltage swells 
Harmonic distortions 
Unbalance 


Harmonic currents 
Unbalanced currents 
Reactive power 
Flicker 


Figure 14.1 Origin of power quality problems 


The effect of distorting loads on the network voltage have been known to 
power system engineers for many years and national standards and design codes 
have been developed to control them. This has generally been effective for 
individual large industrial loads but the cumulative effect of great numbers of 
small appliances, (e.g. domestic TVs or office personal computers) has been 
difficult to control and harmonic distortion of the network voltage has grown in 
many networks. 

Short circuits have always caused sags in the power system but only recently 
has there been specific concern over them. Figure 14.2 shows a simple 
representation of a distribution network where it may be seen that the load is 
affected by sags on faults on the adjacent MV feeder as well as faults on the HV 
network. Faults on the interconnected higher voltage networks will also cause 
voltage depressions which will be experienced by a large number of customers. 
For most load busbars, the majority of sags experienced will have a residual 
magnitude above 0.8 pu and a duration of less than 200 ms. Figure 14.3 [10] 
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shows a summary of voltage sag data gathered from four papers. It may be seen 
that 60-80% of the reported voltage sags last less than 200 ms and that there is a 
steep rise in the curve at just less than 100 ms corresponding to the minimum 
clearing time of the circuit breakers. There is considerable work presently in 
progress both on measuring voltage sags and in the use of computer based 
methods to predict them. In addition to changes in voltage magnitude, faults may 
also cause phase-jumps when the phase of the voltage suddenly changes. Phase- 
jumps may again lead to mal-operation of control equipment of variable speed 
drives. 


HV fault 


V tpu 


Zi | 


Zos | 
100-200 ms 


Time 


load MV fault 


Figure 14.2 Examples of faults causing voltage sags 
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Figure 14.3 Voltage sag probability distribution [10] ©1994 IEEE 
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Figure 14.4 Typical design goals of power conscious computer manufacturers 
[11] ©1996 IEEE 


Different types of electrical equipment show different tolerance to voltage 
sags. Early work on main-frame computers led to the development of the CBEMA 
(Computer Business Equipment Manufacturers Association) curve (Fig 14.4), [11] 
which has been widely quoted as providing some guidance for other types of 
equipment. This curve has recently been updated and is now known as the ITIC 
(Information Technology Industry Council) curve [25]. 

There are only a few ways in which the effects of sags may be limited. One 
option is to reduce the number of faults (e.g. by replacing overhead circuits with 
underground cables or ensuring trees under overhead lines are adequately 
trimmed). However, most utilities will have taken every reasonable measure to 
reduce the number of faults on their system and so any further measures are likely 
to be very expensive. An alternative approach is to change the way the 
distribution system is operated so that a sensitive load is connected to the shortest 
length of exposed network. This conflicts with the requirement to increase the 
reliability of the load busbar which is normally achieved by arranging duplicate 
feeds. Clearly, it would be desirable if the load equipment was robust enough not 
to be affected by the sags, but this is generally not the case. Therefore, the only 
remaining solution is to use some form of mitigation equipment. Although UPS 
systems are sometimes installed adjacent to each sensitive load this is expensive 
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and leads to a high maintenance requirement. An alternative solution is a single 
larger device to provide protection for all or part of the load. 

The basic component of most high power electronic systems to improve 
customer power quality is the conventional voltage source converter. Figure 14.5 
shows a 3-phase arrangement although 3 single-phase H bridges may also be used. 
The IGBTs are switched at a frequency typically in the range of 2-4 kHz 
depending on the details of the design and the rating of the equipment. Operation 
at this frequency will result in switching losses, overall converter losses are quoted 
as some 2 % of the MVA rating, but eliminates low order harmonics. However, 
there will be harmonics generated at around the switching frequency and so some 
filtering of the output of the inverter may still be required. 


Di 
= 
Di 


Figure 14.5 Six-pulse two-level IGBT voltage source converter 


Figure 14.6 Schematic of a distribution STATCOM. Phasor diagram showing 
capacitive operation (generator convention) 
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14.2.2 Distribution STATCOM 


The converter may be arranged to act as a distribution STATCOM as shown in 
Figure 14.6. In its simplest implementation, a sinusoidal PWM pattern may be 
created by combining a triangular carrier wave with a reference signal of the 
desired output sine wave. Hence a voltage V., which approximates to a sine wave 
is used to control the current flow through the coupling reactor X. If harmonics are 
ignored then the power flow across the inductor is governed by the well-known 
equations: 

V-V, 

jx 


I= 


or in termsof active and reactive power 


where: V, - converter output voltage 
V, - system voltage 
X - coupling reactance 
I - converter current 
ô- angle between V, and V, 


Thus the distribution STATCOM can operate in an identical manner to the 
transmission STATCOM with the real power flow controlled by the angle 
between the network and converter voltages and the reactive power flow 
controlled by the difference in voltage magnitudes. The capacitor is charged with 
power taken from the network and, in the steady state, the network voltage always 
leads the converter voltage by a small angle to provide power for converter losses. 
The main difference with respect to a transmission STATCOM is that the 
magnitude of V, is not proportional to the capacitor voltage, as would be the case 
with a fixed pulse pattern, but can be varied by changing the reference of the 
PWM control. As with a transmission STATCOM, the capacitor acts as an energy 
store and its size is chosen based on control and harmonic considerations. A high 
value of coupling reactance, X, leads to rather slower transient performance but 
easier control and reduced harmonic distortion of the network. 

In practice, the flexibility provided by rapid switching of the IGBTs allows 
more sophisticated control schemes, based on voltage space vector techniques, to 
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be implemented to provide additional functions such as phase balancing (by 
injection of negative phase sequence current), active filtering (either using 
frequency domain or time domain techniques), flicker reduction (by very fast 
acting, sub-cycle, control schemes). 


Supply Load 


P - active power 
~—_—_— 


In - harmonic current 
Iq - reactive current 
I, - negative phase 


sequence current 


Figure 14.7 Functions of a distribution STATCOM 
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Figure 14.8 Effect of fixed capacitor/filter on STATCOM operating region 


The complete STATCOM can be considered as a variable current source, 
injecting appropriate currents as required (Fig 14.7). For control purposes, high 
bandwidth measurements of the current from the supply busbar, the converter 
current, and the network voltage are required. The capacity of the converter is 
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limited by the current and voltage ratings of its various component and so, for 
example, if the STATCOM is operating at its full capacity providing reactive 
power support it cannot then also provide flicker control. Hence it is necessary to 
budget the capacity of the converter for the particular function(s) which are 
desired. One way of increasing the capacitive capability is to use a fixed 
capacitor/filter to bias the operating region as shown in Figure 14.8. The operating 
region of the STATCOM is essentially rectangular as it is limited by the current 
and voltage ratings of the converter components. However, when combined with a 
fixed capacitor the operating region is skewed by the reduction in capacitor 
current with falling system voltage. 


Supply Load 


DC/DC power conditioner 


Energy storage device 


Figure 14.9 Addition of large energy store (e.g. flywheel, battery, SMES) to a 
STATCOM 


Limited storage of energy can be achieved by increasing the size of the DC 
capacitor. However a number of systems have been installed recently or are under 
development to connect larger energy stores by an additional DC/DC converter 
(Figure 14.9). A 6 MJ, 750 kVA SMES system was commissioned in January 
1998 in the USA for a power quality application, although the converter topology 
used was a conventional in-line UPS type arrangement with the battery replaced 
by the SMES. A 50 MW SMES based systems using shunt connected GTO 
thryristor converters and a super-conducting magnet operating at 1.8 K has 
recently been offered for commercial sale in order to provide voltage support for 
critical manufacturing plants for 5-10 seconds. This STATCOM based equipment 
will allow voltage dips to be compensated and the additional energy stored in the 
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SMES will provide time for standby generators to be started in the event of 
prolonged outages. 


14.2.3 Dynamic voltage restorer (DVR) 


The distribution STATCOM is a shunt connected device which may be controlled 
as a current source and used to compensate non-ideal loads and so reduce the 
distortion of current drawn from the supply. In contrast, the DVR is a series 
connected device which acts as a voltage source to improve the quality of the 
voltage supplied by the network. Thus the main function of the DVR is to 
eliminate or reduce voltage sags seen by sensitive loads, to reduce the phase 
unbalance seen by the load and to compensate any voltage harmonics existing in 
the supply. 


Supply Load 


Figure 14.10 Schematic of a Dynamic Voltage Restorer (DVR). Rectifier circuit 
not used in some implementations 


A DVR is shown schematically in Figure 14.10. A voltage source converter is 
used to inject voltages in series with the distribution feeder using three single 
phase transformers. By adjusting the angle between the injected voltages and the 
currents flowing in the circuit either real or reactive power may be injected into, 
or absorbed from, the feeder. The operation is shown in Figure 14.11. In 14.11(a) 
the injected voltage is in quadrature with the current flowing in the circuit. 
Therefore no active power is transferred. In Figure 14.11 (b) the injected voltage 
Vw is in phase with the load voltage and so both real and reactive power are 
transferred. For voltage depressions on a single phase it is possible to draw active 
power from the healthy phases and inject it into the phase experiencing a 
depressed voltage provided an overall power balance within the DVR is 
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maintained. In most practical applications of the DVR some energy storage is 
desirable and, where this cannot be provided economically by capacitors, then an 
additional energy store can be added to the DC bus through a DC/DC converter in 
a manner similar to that shown in Figure 14.9 for the STATCOM. 
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Figure 14.11 Operation of Dynamic Voltage Restorer (DVR): (a) reactive power 
compensation only (b) active and reactive power compensation [12] 


A series connected IGBT converter has been used recently to connect a 2.2 MJ 
SMES operating at 4.2 K to provide a 75% voltage boost for a 1 MVA load on a 
paper mill in South Africa. Although the main application was to protect the paper 
machinery from the effect of voltage sags, it was also reported that the 
unprotected plant was also susceptible to phase-jumps caused by phase-phase 
faults on the supply circuit and that the DVR/SMES equipment successfully 
compensated for this type of disturbance. 

As with the distribution STATCOM some filtering of the harmonics at the 
converter switching frequency may be necessary. The active power required to 
charge the capacitor and provide for switching losses may be supplied either 
through the series connected transformers or via the separate rectifier circuit. The 
converter may also be controlled to inject negative phase sequence or harmonic 
voltages to improve the voltage waveshape seen by the load. 

The main application of the DVR to date has been to mitigate the impact of 
voltage dips and sags. Typical applications have used DVRs rated at 2-4 MVA, 
with 660-800 kJ of energy storage in capacitors to provide voltage support of 0.3- 
0.5 per unit for 300-500 ms. The advantage of a DVR over a STATCOM for the 
protection of sensitive loads from voltage sags is that a lower rated device can be 
used. The series transformers must, of course, be rated for full load current but the 
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magnitude of the injected voltage is a design choice based on the assessment of 
the range of sags against which protection is required. Thus the DVR rating may 
be calculated [12] as: 


MV Am = MVA,oxInjected Voltage (per unit) 
Table 14.2 Energy storage requirement to mitigate voltage sags using a DVR [12] 


Energy storage requirement 


% of sags restored to 
MJ per MW of load served 0.9 pu voltage 


oe o 
B E eee ea 


The paper mill described in Reference [2] has a DVR rated at approximately 
50% of the sensitive load in order to restore the load voltage to 0.9 per unit for 
98% of the dips seen at that point in the power system. 

The other key design choice is the size of the energy store required. 
Calculations based on a study of power quality in New England indicate that for 
balanced 3-phase sags which would otherwise depress the voltage to below 0.9 
per unit the energy storage requirements are as given in Table 14.2 [12]. 

As only a minority of faults are 3 phase then the values given in Table 14.2 
may be considered to be conservative. However, faults which cause unbalanced 
voltages on the transmission network generate more balanced voltage sags on the 
distribution system due to the effect of winding arrangements of the transformers 
(Table 14.3). 


Table 14.3 Voltages on the secondary side of a transformer due to a single-phase 
to ground fault (zero voltage) on the A phase of the primary side [13] 


Winding Phase-phase voltages Phase to neutral voltages 
Connection 
DA 


B BC | CA [ A] B | Cc 
Fayn Yay | 58% | 100% | 58% | o | 100% | 100% 
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Supply Load 


or 


Figure 14.12 Schematic of a distribution UPFC 


A further refinement is to use an IGBT bridge for both the shunt and series 
element. The device then resembles a Unified Power Flow Controller (Figure 
14.12). Because each converter can operate with a variable pulse pattern, the 
operation of the two converters is completely independent and not linked by the 
DC capacitor voltage. Thus very flexible control is possible. Smale [14] following 
the work of Akagi [3] and others has investigated reversing the order of the shunt 
and series elements so that the series element compensates for any pre-distortions 
in the network voltage and the shunt element is used to compensate for any non- 
active current drawn by the load. The obvious drawback of using two complete 
IGBT converters is the cost and so far no commercial application of this topology 
has been reported. 


14.2.4 Active filters 


The origins of both the distribution STATCOM and the DVR may be traced to the 
ideas of transmission FACTS. The concepts were proposed by researchers active 
in FACTS and the early implementations have been to improve customer power 
quality by ameliorating sags or to improve network voltage by eliminating flicker. 
However, STATCOMS and DVRs which use IGBTs are extremely flexible pieces 
of equipment and can be controlled to carry out a number of functions including 
harmonic compensation. Active filters were originally proposed to compensate 
harmonic distortion but are now being considered as sources of fundamental 
frequency reactive power as well as being suitable for rapid control of network 
voltages. Thus the two strands of technology appear to be converging. 
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Active filters have been investigated for a number of years and there have 
been some commercial installations [3, 15, 16]. Several design variations are 
described in the literature including: current and voltage source converters, shunt 
or series connection, control in the time or frequency domain and their application 
to compensate either individual loads or to damp resonances in the network. 
Akagi [3] notes that the shunt connected voltage source PWM based inverter has 
been preferred for almost all the active filters put into commercial service in 
Japan. These active filters show better filtering characteristics than passive devices 
but at higher cost. Therefore, the use of hybrid filters consisting of an active and 
passive section may be desirable in order to reduce both capital cost and 
operating losses. 

Control may be in the time domain where the load current or voltage is 
controlled to be within some tolerance of a reference signal. This may either be 
achieved by extracting the fundamental using a filter or, more usually, by an 
instantaneous orthogonal transformation [16]. The alternative control strategy is to 
operate in the frequency domain by carrying out a Fourier analysis of the wave 
form to be controlled. This has the advantage that only those harmonics which are 
the cause of concern may be controlled and the capacity of the filter may be 
employed most effectively. The disadvantage is that a fast processor is required if 
many harmonics are to be considered. 

The main application of active filters appears still to be the compensation of 
particular loads or buildings with, so far little commercial interest in wide area 
application over the utility distribution system. 


Load 


Figure 14.13 Use of a solid state switch with a STATCOM 
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14.2.5 Solid state switches 


A number of solid state switching devices have been proposed based on anti- 
parallel pairs of GTO thyristors with suitable snubber circuits [17,18]. GTO 
thyristors can interrupt current with a negligible delay but have very limited 
overload capability and so it is not possible to make a simple replacement for a 
conventional distribution circuit breaker using only GTO thyristors. The 
discrimination of overcurrent protection on conventional distribution circuits is 
based on time-grading and so upstream circuit breakers carry fault currents for up 
to several seconds to allow downstream devices to open. Presently available GTO 
thyristors are not rated for this duty and so applications of solid state switches 
which do not require an overload capability have been investigated. 


Feeder 1 


Feeder 2 


Load 


Figure 14.14 Solid state transfer switch 


Figure 14.13 shows on application of a solid state switch which is used to 
isolate a distribution STATCOM and a sensitive load. When a voltage sag is 
detected the solid state switch opens and both active and reactive power is 
supplied to the load from the STATCOM. When the network voltage is restored 
the load is reconnected by the solid state switch. Figure 14.14 shows an alternative 
approach to improving power quality using a solid state transfer switch. The 
sensitive load is fed from two alternative independent feeders. If a voltage sag or 
interruption is detected on the feeder which is supplying the load then that switch 
is opened and the load fed from the alternative supply. The use of the solid state 
transfer switch allows the reliability of a load to be improved, by using duplicate 
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supplies, without the degradation in power quality which occurs if additional 
lengths of circuit are connected to a load busbar. 


ZnO arrestor 
Reactor 


Load 


Figure 14.15 Solid state current limiter 
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Figure 14.16 Solid state bus section switch 
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Figure 14.15 shows a solid state fault current limiter where, in the event of a 
fault downstream of the limiter, the solid state switch opens and inserts a reactor 
in the circuit. A Zinc Oxide arrestor is required to control the voltage across the 
limiter. Solid state switches have also been proposed for use as bus-section 
devices in distribution switchboards. This is shown in Figure 14.16. Use as a bus- 
section switch is attractive as the losses are low, there is no requirement for 
discrimination and the device can operate to rapidly limit fault current. 


az GTO Breaker 


SCR Breaker 


Figure 14.17 Solid state circuit breaker — using both GTO thyristors and SCRs 


A complete solid state circuit breaker has been developed using a combination 
of both GTO thyristors and SCRs (Silicon Controlled Rectifiers or thyristors) 
[19]. The GTO thyristors provide rapid interruption of the fault current but the 
parallel path through the SCRs is used to provide sustained fault current to allow 
downstream devices time to operate, Figure 14.17. In normal operation the feeder 
current flows through the GTO thyristors with the SCRs not conducting. When 
either the current or di/dt exceeds a threshold the GTO switch is turned off and, 
simultaneously, the SCR switch is turned on. The ZnO arrestors are to protect the 
switches against over-voltages. The snubber circuits are not shown. After a 
specified time delay, to give down stream protection a chance to operate, the gate 
drive to the SCR switch is removed and current is interrupted at the next zero- 
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crossing. Thus the circuit breaker uses the fast turn-off characteristic of the GTO 
switch and the higher sustained rating of the SCR switch. The requirement for 
both types of semi-conductor switch are due to limitations in the devices and, if 
improved semiconductors become available, then simpler and more cost effective 
solid state circuit breakers will be possible. 


14.3 Power electronic applications for renewable energy 


14.3.1 Generation from new renewable energy sources 


New renewable energy sources are generally taken to include: wind, solar, 
biomass, geothermal and small hydro but excluding large scale hydro-generation 
schemes [20]. Over the last 5 years, there has been a dramatic change in the 
perception of these technologies from interesting research topics to potential 
major sources of electrical energy. A significant driving force behind the 
implementation of renewable energy generation schemes has been concern with 
the environment and the need to reduce the environmental impact of electrical 
power generation. Thus, in many countries the exploitation of new renewable 
energy sources is receiving considerable government support as one of the ways 
of reducing CO, emissions. 

Land based wind turbines have now emerged as a maturing technology with 
commercially available machines having rotor diameters up to 60 m and ratings of 
1.5 MW. The turbines may either be distributed individually or grouped into 
wind farms of up to 50 machines giving combined ratings of up to 75 MW. Even 
larger turbines are under development and some 8 GW of wind energy capacity 
has now been installed throughout the world. The next major development in 
wind energy is likely to be large installations offshore. There are already three 
“offshore” wind farms located in rather shallow waters close to land off the coasts 
of Denmark and Holland but future developments will be as much as 40 km 
offshore. The Danish government has a commitment to install 4000 MW of 
offshore wind turbine capacity by 2030 and is commencing with a programme of 
750 MW. The UK government has yet to announce its intentions but they are 
likely to be some 1000-2000 MW by 2010 if the target to provide 10% of UK 
electricity from renewable energy sources by that date is to be achieved. Initially, 
the turbines used offshore will be similar to those used on land, however, as the 
production volumes increase, it is likely that the designs will become tailored for 
offshore. HVDC using voltage source converters [5] is being investigated as one 
way of transporting the power from the offshore wind farms to the shore. 

Direct conversion of solar energy using photovoltaics (PV) devices is also 
attracting very significant interest with several multi-national energy companies 
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making large commercial investments. Previously PV was seen as commercially 
viable only for off-grid power supplies in remote locations. However, the main 
anticipated market for PV is now in grid-connected applications to provide 
electrical power into utility distribution networks. One major proposed application 
is the integration of PV cells into the roofs and facades of commercial buildings. 
Integration of the cells into the building fabric serves to reduce installation costs 


as well as ensuring generation close to the loads, during daylight hours, when the 
buildings are occupied. 


Tablel4.4 Estimated contribution to EU energy supply (source European 
Commission White Paper on Renewable Energy, November 1997). 
IMtoe is equal to approximately 12 TWh at 100% conversion 
efficiency. 


91 GW 


14GW 


Geothermal - Electricity | 0.5 GW 1GW 


The biomass resource takes a number of forms including: gas from landfill 
waste, municipal solid waste and agricultural and forestry crops or residues. The 
resource can either be used to supply heat loads directly or passed through some 
form of more or less conventional thermal generating plant. Thus landfill gas is 
used to fuel reciprocating engines while agricultural and forestry products are 
burnt in steam raising boilers. The generators used are conventional synchronous 
rotating machines. 

The Commission of the European Union has ambitious plans to encourage the 
introduction of new renewable energy schemes and Table 14.4 is taken from a 
White Paper issued for discussion in November 1997. 

Campaign targets proposed in the White Paper included: 
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e Introducing 1 million new PV systems. 500,000 of these would be in 
the EU on roofs or building facades, the other 500,000 would be 
exported for decentralised electrification systems in other regions of 
the world. 

Installation of 10,000 MW of large wind farms 
Development of 10,000 MW of biomass installations 


Although not official policy and still the subject of debate, the White Paper 
gives useful insights into where a significant contribution to bulk energy 
production might be made. It may be seen that the main contenders are wind 
energy and biomass. Future hydro capacity is limited by the availability of sites 
and PV is likely to remain expensive and with a relatively small total capacity 
during the time-scales envisaged although the rate of growth projected for PV 
installations is remarkable. 

Generation from these new renewable sources differs from conventional 
central generation in that the sources (e.g. wind, solar and biomass) are diffuse 
and need to be collected over a wide geographical area. Thus large number of 
renewable generation plants, ranging from 200 W domestic PV schemes to 50 
MW wind farms or biomass plants, are embedded into distribution networks 
giving rise to the description dispersed or embedded generation [21]. Unlike fossil 
fuel it is not possible to store renewable energy economically and so the 
generation plant must operate in response to the available resource rather than the 
required load. As always, storage of electrical energy would be highly desirable 
and would increase the value of the energy generated by the fluctuating renewable 
resources. However, bulk storage of electrical energy remains prohibitively 
expensive. Some renewable generation technologies (e.g. PV and variable speed 
wind turbines) do not produce 3-phase 50 Hz power from conventional 
synchronous generators and so require electronic power conditioners. 

The main application of power electronics for renewable energy is to interface 
the renewable energy conversion system with the utility distribution network and 
to control the distribution network so that it can accept the generation, for which it 
was not originally designed. Although a variety of innovative equipment has been 
proposed, the most popular converter remains the voltage source, PWM, IGBT 
converter described earlier and a number of manufacturers offer the same basic 
equipment for power quality applications as for interfacing renewable energy 
conversion plant. 


14.3.2 Wind energy 


The simplest design of wind turbine operates at fixed rotational speed and consists 
of an aerodynamic rotor, a gearbox and an induction or asynchronous generator. 
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It is not possible to use a synchronous generator as this type of electrical machine 
does not provide sufficient damping in the drive train. Considerable damping is 
required to control the periodic torque pulsations caused by the rotor blades as 
they pass through the different wind velocities which increase with height but are 
reduced in front of the tower. Induction generators are not usually used on large 
conventional generating plant as they suffer from a number of disadvantages 
compared to synchronous machines. 


BY PASS CONTACTOR 


Figure 14.18 Wind turbine soft start 


An induction generator draws its magnetising current from the network and so, 
on direct connection, will draw a large transient reactive current. Also if the 
rotational speed of the generator is not matched to the network frequency then the 
connection transient will include a slower component of active power which 
accelerates or decelerates the drive train. The magnitude of the connection 
transient is controlled using an anti-parallel thyristor soft-start Figure 14.18. The 
firing angle of the thyristors is controlled to apply the network voltage to the 
generator at a defined rate. Once the generator is fully fluxed and the appropriate 
slip speed achieved, the by-pass contactor is closed. The by-pass contactor is used 
to reduce operating losses but also because local shunt capacitors are then 
connected to improve the power factor of the generator and these can be excited 
into resonance by harmonic currents produced by a soft-start unit. The 
performance of a soft-start in controlling magnetising inrush can be very good and 
these currents can be maintained to less than full load values. The size of the 
active power component depends on how well the rotational speed of the 
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generator is matched to the network frequency and the acceleration of the drive 
train. 

Once connected to the network, an induction generator will operate at a power 
factor determined by its active power output. It is usual to improve the power 
factor of each turbine by connecting local fixed shunt capacitors. The 
disadvantage of this approach is that the degree of compensation is fixed and there 
is also the possibility of large overvoltages if the connection to the network is lost 
and the induction generator/shunt capacitor combination resonate to give self- 
excitation. In order to investigate how a STATCOM might be used to improve 
the power quality of a large fixed speed wind farm an 8 MVAr, GTO, 12 pulse, 3 
level unit was installed at the 24 MW (40 x 600 kW turbines) Rejsby Hede wind 
farm in Denmark [4, 22]. The objective of the installation was to allow the wind 
farm to operate at unity power factor without the danger of self-excitation. Hence 
the control strategy adopted was to minimise the reactive power flowing from the 
60 kV network and to control any overvoltage in the event of the 60 kV system 
becoming isolated from the transmission network. 


15/0.69 kV 
E 


OQ) 


22 x 600 kW 18 x 600 kW 


2 x 4 MVAr 


Figure 14.19 Schematic of the Rejsby Hede wind farm and STATCOM 


A single line diagram of the installation is shown in Figure 14.19. The 
converters used were based on existing designs with GTO thyristors. In order to 
limit network harmonic distortion a three level topology was used with a selective 
harmonic elimination pulse pattern arranged to eliminate the 11th and 13th 
harmonics and minimise the Sth and 7th harmonics. The three winding 
transformer used to connect the STATCOM to the 15 kV busbar also served to 
reduce the 5th and 7th harmonic distortion. The 60/15 kV transformer was also a 
three winding type although, in this case, the secondary was divided in order to 
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limit the fault level on the 15 kV busbars. The STATCOM was put into 
commercial service in early 1998. 

A series of studies was carried out to investigate other potential control 
strategies for a STATCOM on a wind farm of fixed speed wind turbines. This 
indicated such equipment could be used for voltage control and so increase the 
rating of a wind farm which might be connected to a Distribution circuit without 
violating voltage limits. Simulations were used to show that it was possible to 
increase voltage stability as well as reduce flicker using such equipment. 


Turbine Network Generator 
converter 


Figure 14.20 Wide range variable speed wind turbine 


Although some 1.5 MW wind turbines operate at fixed speed using induction 
generators other manufacturers prefer to allow the rotor speed to vary. This 
reduces mechanical loads on the drive train and so allows a lighter design as well 
as improving output power quality. In principal, variable speed operation also 
leads to higher energy capture although the additional losses in the converter must 
be set against this. Operation over a wide speed range may be obtained by passing 
all the wind turbine current through an AC/DC/AC system. (Figure 14.20), [23]. 
The generator converter is used to control the voltage on the DC bus while the 
network converter is used to control the power flow to the network. Usually the 
wind turbine will also have pitch control of the blades so that once rated power is 
reached the aerodynamic input power may be reduced. This concept can be 
combined with the use of large diameter direct drive synchronous generators to 
eliminate the wind turbine gearbox. The obvions disadvantage of passing all the 
power through the converters is that the rating of the equipment and the losses 
will be high (typically 2% per converter). An alternative approach, which was first 
applied many years ago in very large experimental wind turbines, is to use a 
wound rotor induction machine and pass only the rotor current through the 
frequency converter (Figure 14.21). The available speed range is smaller and a 
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slip ring is required but both the losses and the cost of the converters are reduced. 
For a speed variation of up to plus 10% only, one manufacturer has mounted a 
controlled resistor on the rotor of a wound induction generator. The rotor 
resistance is then varied to allow small speed variations and hence reduce torque 
fluctuations without the expense of a full frequency converter. 


Stator 
circuit 


Turbine Wound rotor 
Rotor induction 
transformer : 
circuit machine 


Figure 14.21 Narrow range variable speed wind turbine 


If a fully rated network converter is used for wide range variable speed 
operation then it is also possible, in principal, to use it for reactive power control, 
network voltage control or even for active harmonic injection. The main power 
stage is the same voltage source converter bridge discussed earlier. However, 
injection of reactive power into the network requires a higher DC voltage and the 
impact of any harmonic currents on the components must be considered. So far 
little use has been made of the power converters of variable speed wind turbines 
to control actively the voltage of the distribution network as there is no 
commercial incentive for the wind farm operator to do this. However, it may be 
seen that the combined converters of a 50 MW wind farm of variable speed wind 
turbines could be very effective in improving the distribution network voltage or 
power quality. 


14.3.3 Solar photovoltaic generation 


Some large (MW) scale photovoltaic installations have been constructed as 
demonstration projects, including one installation of 6.5 MW in the US [20] but 
attention is now focused on the integration of PV equipment into the fabric of 
buildings. If this becomes commercially attractive it will result in an extremely 
large number of small generators connected to the distribution network. An 
individual mono-crystalline or polycrystalline silicon PV cell will develop 
approximately 0.6 V with its current proportional to the incident radiation up to a 
maximum of some 30-40 mA/cm? and so both series and parallel connection of 
cells are made to form modules or panels rated at up to 100-200 W. Typical 
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ratings of complete PV installations on commercial buildings may be up to 50-100 
kW although they are likely to be much smaller (< 1kW) for domestic homes. 
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Figure 14.22 Functional block diagram of a PV inverter 


Figure 14.22 shows the functional block diagram of a small PV inverter to 
convert the DC output of one or more PV modules to AC for connection to the 
network. A Maximum Power Point Tracker (MPPT) is required to draw the 
maximum available DC power from the PV module. An energy storage element is 
required to decouple the DC power input from the AC power output. The low 
voltage DC module output must then be converted to a higher DC voltage and 
inverted to 230/415 V ac output. Isolation between the PV module and the 
distribution network is often included and an output filter is used to remove power 
electronic switching harmonics. The reactance of the output filter is also used to 
provide the phase shift between the inverter synthesised wave form and the 
distribution network. There are many designs of such converters, some operating 
at very high frequency, and opinion is divided on whether, for a large installation, 
it is better to use a single large inverter, an inverter for each module “string” or 
even an inverter for each module, the so-called AC module concept [24]. 
However, the output stage of most converters is of the voltage source type and so 
will operate in the same basic manner as the very much larger voltage source 
converters used for variable speed wind turbines. It remains a matter of 
speculation as to whether large numbers of small PV systems will, in fact, be 
installed but if commercial conditions are such as to encourage the widespread 
adoption of PV, then this will result in a very large number of power electronic 
converters being used to inject power into the distribution network. 


14.4 Summary 


At present very little power electronics is applied to the distribution system 
although there are various strands of technology and commercial/administrative 
changes which are likely to encourage its use. These include the development of 
improved power semiconductors, increased use of high value and sensitive load 
equipment as well as the opening of the distribution network to third party access 
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for embedded generation. As FACTS equipment becomes more common on 
transmission networks then its derivatives on the distribution network (e.g. the 
distribution STATCOM and the DVR) are also likely to gain acceptance. The 
initial applications seen to date have been to improve the Power Quality of 
customers with a high-value load and there is no reason to believe that this market 
will not develop. The technology of active filters has been demonstrated and been 
shown to be technically successful, although solid state switchgear appears to be 
limited by the semiconductor devices presently available. More speculatively, one 
may consider that the wide-spread development of embedded or dispersed 
generation will require a major application of power electronics. This can already 
be seen in the application of power electronic interfaces to the network, in the case 
of variable speed wind turbines, but there has been less progress in the active 
control of the distribution network itself. In summary, it would appear that a 
number of technically interesting power electronic devices and systems have been 
investigated and demonstrated on the distribution system but that the large scale 
market has yet to develop. 
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transmission control capabilities 271-5 
multi-function power flow control 272 
phase shifting 272 
series reactive compensation 272 
voltage regulation 272 


see also close-loop simulation of 

UPFC; Inez substation of American 
Electric Power; open-loop 
simulation of SPWM UPFC; 
steady-state UPFC analysis and 
control; synchronous voltage source 
(SVS) 

uninterruptible power supplies (UPS) 


application of power electronics 546 
STATCOM application to [195 ] 
US, STATCOM applications 193 
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US electric power industry 


challenges of deregulation 29-30 
dc tie and back-to-back map 137 
rapid growth of 27-9 
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valve base electronics (VBE) cubicle 
variable speed machines (VSMs) for 
power system frequency control 
applications 
principle 


varistors, metal-oxide varistor (MOV) 
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protection for TCSCs 
voltage collapse 
voltage dependent current order limit 
(VDCOL) 
voltage flicker 
voltage harmonics and inter-harmonics 
voltage imbalance 
voltage instability 
voltage stability limit 
voltage sag or dips 
voltage source converters (VSCs) 
gate turn-off (GTO) thyristor driven 
integrated gate commutated thyristor 
(IGCT) for 
MOS-controlled thyristor (MCT) for 
PWM for SPS 260-1 
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voltage source converters (VSCs) (Cont.) 


thyristor operated 
two-level voltage sourced 
three-level voltage sourced 
five-level voltage sourced 
in UPFCs 
voltage source inverters (VSIs) 
voltage stability limit 
voltage swell 
voltage-sourced switching converters 
see controllers, converter-based 


VSC see voltage source converters 
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Westinghouse, George 


wind turbines 
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zero voltage crossing detection 


ZnO type voltage clamping device 
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